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Editorial on the Research Topic
 Plant Glycobiology - A Sweet World of Glycans, Glycoproteins, Glycolipids, and Carbohydrate-Binding Proteins




INTRODUCTION

Plants synthesize a wide variety of glycan structures which play essential roles during plant development and contribute to many diverse processes. These glycans function as structural components in the plant cell wall, assist in the folding and secretory trafficking of nascent proteins, act as signaling molecules in stress and plant defense responses, or serve within the energy metabolism of a plant (Strasser, 2016). Studying the biological roles of plant glycans enables a better understanding of plant growth and development under various environmental conditions in order to protect plants and exploit them for agriculture, forestry, or biotechnological products (De Coninck et al., 2021).

This Research Topic consists of 32 papers, including 10 review papers, 21 original research articles and 1 perspective article, and provides an overview of the latest research, methodologies and applications related to the fascinating world of plant glycobiology.



N-GLYCANS AND THEIR ROLE IN PLANT DEVELOPMENT

N-glycosylation is an abundant posttranslational modification of proteins entering the secretory pathway in all eukaryotes. It is well-established that the attached N-glycans have an impact on protein folding and quality control processes. The function of specific N-linked glycan modifications is, however, still obscure in plants (Nagashima et al., 2018). In this Research Topic several original research papers and reviews report new findings and highlight important aspects of specific N-glycan modifications.

The review by Zhang et al. highlights the role of a distinct oligomannosidic N-glycan as a signal for termination of quality control processes and initiation of ER-associated degradation (ERAD). The authors provide detailed insights into conserved and unique features of mammalian, yeast and plant α-mannosidases involved in ERAD of misfolded glycoproteins. While a coherent picture is emerging for the early steps of the ERAD pathway, later steps that involve retrotranslocation of the misfolded glycoprotein to the cytosol and clearance are still poorly characterized. Prior to degradation by the proteasome, ERAD substrates are predicted to undergo deglycosylation by the sequential action of two cytosolic enzymes, peptide:N-glycanase and endo-β-N-acetylglucosaminidase, resulting in the release of oligomannosidic free N-glycans from the misfolded glycoproteins. Maeda et al. have purified rice endo-β-N-acetylglucosaminidase and show that the substrate specificity of the native and recombinant enzyme are almost the same. The same group reports that oligomannosidic free N-glycans are present in microsomes isolated from pumpkin hypocotyls which leads to the interesting model that oligomannosidic free N-glycans could be taken up by the ER, from where they are secreted through the Golgi to the extracellular space (Katsube et al.). Like glycoproteins, the free N-glycans are processed in the Golgi, but the biological relevance of secreted complex-type free N-glycans is unknown.

Tobacco BY-2 cell suspensions are an established model system for plant cell biology (Nagata et al., 1992) and used as production platform for recombinant proteins (Santos et al., 2016). Herman et al. use CRISPR/Cas9 genome editing to produce homogenous mannosidic N-glycans on BY-2 cell produced glycoproteins. Intriguingly, the loss-of-function approach reveals a new aspect of the N-glycan processing pathway. Knockout of N-acetylglucosaminyl transferase I (GNTI), the key enzyme for complex N-glycan formation, is not sufficient to eliminate all N-glycans with core fucose suggesting that core fucosylation is not strictly dependent on the GlcNAc residue transferred by GNTI. In tomato, GNTI and complex N-glycans are crucial for development. Knockdown of GNTI in tomato causes necrotic fruit-attached stalks, early fruit drop, and patchy fruit ripening (Kaulfürst-Soboll et al.). By contrast, only subtle phenotypes are observed when hybrid N-glycans are generated by silencing of Golgi α-mannosidase II, which catalyzes the subsequent processing reaction in the pathway.

Using a label-free quantitative proteomics approach Liu, Niu et al. identify proteins that are differentially regulated under salt stress in Arabidopsis thaliana mutants lacking complex N-glycans and uncover several glycoproteins that could be involved in salt stress tolerance. Frank et al. examine the effect of synthetic phytohormones on root hair formation in Arabidopsis mutants with blocked or altered complex N-glycan processing. The lack of complex N-glycans in the gntI mutant causes increased root hair elongation and hypersensitivity to a synthetic auxin when compared to wild-type roots. Lewis A containing structures are the most elaborate complex-type N-glycans found in plants (Strasser et al.). Strikingly, Arabidopsis mutants with impaired biosynthesis of Lewis A structures display also elongated root hairs demonstrating for the first time a biological role of Lewis A containing N-glycans (Frank et al.). In Arabidopsis, the occurrence of Lewis A containing glycoproteins is tissue-specific with high amounts in stems and siliques and low levels in roots (Strasser et al., 2007). Beihammer, Maresch, Altmann, Van Damme et al. use the Lewis A specific JIM84 antibody to identify by affinity purification and nano-LC-MS analysis Lewis A containing glycoproteins from Arabidopsis, rice and Nicotiana benthamiana and show that they may be associated with different functions in different plant species. By this approach they also demonstrate that the Lewis A structures are highly conserved in different Arabidopsis accessions. Using a similar approach, the identification of Lewis A-containing glycoproteins from root hairs may in the future pave the way to reveal the mechanisms underlying the altered auxin sensitivity and the role of complex N-glycans in the regulation of root hair elongation.

While the formation of Lewis A type structures takes place in the trans-Golgi, truncated or paucimannosidic N-glycans are generated in a downstream compartment or in the apoplast by removal of one or two terminal GlcNAc residues. Alvisi et al. report that the three N. benthamiana β-hexosaminidases (HEXO1–HEXO3) have distinct substrate specificities. HEXO1 and HEXO3 cleave off GlcNAc residues from complex N-glycans and both, HEXO2 and HEXO3, are capable of GalNAc trimming from N-glycans. Plant N-glycans are normally not decorated with GalNAc residues, but the study has important implications for glycoengineering approaches aiming at the generation of homogenous N- and O-linked glycan structures found in helminths or mammals (Castilho et al., 2012; Wilbers et al., 2017).

Compared to higher plants, little is still known about the biosynthesis of N- and O-glycans in microalgae which display a remarkable structural diversity. Recent advances in characterization of N-glycans isolated from different microalgae species are nicely summarized in the review by Mathieu-Rivet et al. Differences in N-glycan precursor biosynthesis and processing steps in the Golgi result in an unexpected variety of N-glycan structures that appear characteristic for microalgae. Mócsai, Kaehlig et al. add another facet to the complexity of major N-glycans found in different microalgae. Using a combination of independent techniques including MALDI-TOF-MS, linkage analysis by GC-MS and NMR, the authors reveal the structural differences of uncommon isobaric N-glycan structures that are derived from phylogenetically divergent microalgae species.



O-GLYCOSYLATION: ARABINOGALACTAN PROTEINS, HYDROXYPROLINE-RICH GLYCOPROTEINS AND CELL WALL POLYMERS

Another notable aspect of this Research Topic is the interest in protein O-glycosylation and hydroxyproline-rich glycoproteins (HRGPs) in the cell wall. An impressive six articles review protein glycosylation in plants, summarizing our present knowledge of both N- and O-glycosylation in higher plants (Strasser et al.) and microalgae (Mathieu-Rivet et al.), as well as highlighting structural-functional aspects of arabinogalactan-proteins (AGPs) (Seifert, Silva et al.) and of extensins, with emphasis on arabinosylation (Petersen et al.) and oxidative crosslinking (Mishler-Elmore et al.), respectively.

Most O-glycans in plants, including microalgae (Mathieu-Rivet et al.) are attached to hydroxyproline (Hyp), an amino acid that is generated post-translationally by the action of prolyl-4-hydroxylases (P4H), as reported in two research articles in this Research Topic. Mócsai, Göritzer et al. take a long overdue new attempt at the substrate specificity of P4H isoforms, albeit with the result that four individual N. benthamiana P4H isoforms do not show differences in substrate selectivity in a non-plant expression system. In contrast, the study by Konkina et al. demonstrates a specific role for the A. thaliana P4H3 gene in AGP abundance and tolerance to hypoxia. Hence, the mechanism of P4H selectivity remains an open question.

The build-up of Hyp-linked O-glycan structures requires a multitude of glycosyl transferases several of which are presently known (Strasser et al.; Petersen et al.; Silva et al.). In this issue, the A. thaliana GALT8 locus is described to encode an enzyme with β-(1,3) galactosyl transferase activity in vitro (Narciso et al.). This activity is needed for the elaboration of arabinogalactan (AG) type II structures found on all AGPs and some pectic polymers. Thus, GALT8's biochemical function is consistent with the global growth phenotype of galt8 single mutants. However, the weakness of the galt8 phenotype might be due to partial redundancy with the KNS4 and the At1g77810 β-(1,3) galactosyl transferase encoding loci. Type II AG on some AGPs contains α-(1,2) linked terminal fucose and it is believed that the Arabidopsis FUT4 and FUT6 loci encode the corresponding fucosyl transferases (Strasser et al.; Silva et al.). New biochemical in vitro work presented in this Research Topic in principle widens the activities of FUT4 and FUT6 to any α-(1,3) and α-(1,5) linked terminal arabinofuranose which includes type II AG but also non-AGP like oligosaccharides (Soto et al.).

One subfamily of AGP is defined by their fasciclin1 domains that have been hypothesized to interact with proteins or carbohydrates. These FASCICLIN LIKE AGPs (FLAs) are known to act in different developmental roles and two research articles demonstrate non-redundant roles for two A. thaliana FLA loci encoding group B glycoproteins that in contrast to most FLAs do not contain GPI-anchors. The study by Liu, MacMillan et al. shows that FLA16 expression correlates with secondary cell wall formation and that the FLA16 protein is a moderately glycosylated protein localized to the plasma membrane and the apoplast. Intriguingly, the fla16 loss of function mutation lacks normal stem strength and cellulose content indicating a role of FLA16 in secondary cellulose formation similar to what has previously been described for FLA11 and -12 (MacMillan et al., 2010). Another group B FLA locus called FLA18 is the subject of the paper by Allelign Ashagre et al.. In contrast to the secondary growth-related FLA16, FLA18 expression correlates with expansion growth in roots i.e. primary cell wall formation. The root swelling fla18 phenotype that depends on sucrose-levels in the growth medium is reminiscent of the fla4 mutant but specific to lateral roots. However, the genetic interaction between the loci is synergistic suggesting independent roles of the two FLAs in the process of root elongation. Despite these intriguing first descriptions of single loss of function phenotypes of group B fla mutants, the mode of action of the entire FLA family remains largely obscure.

Finally, two research papers present genome-wide surveys of HRGPs (Abedi et al.) and potentially glycan binding, lectin-domain proteins (Petrova et al.) in relation to cell wall formation in the fiber crops poplar and flax, respectively. Both studies conclude that expression of many cell wall proteins is closely correlated with the formation of polysaccharides of different cell wall types, which is also in line with the two aforementioned functional studies on FLA16 and FLA18.

In contrast to the raft of papers on cell wall proteins, relatively few contributions in this Research Topic deal with cell wall polysaccharide biosynthesis. The review by Zabotina et al. surveys the emerging theme of complex formation in the biosynthesis of cell wall matrix polymers in the Golgi. While this field is experimentally challenging it opens up the possibility of regulating polysaccharide abundance and structure at the cellular level and is of equal importance as the cellulose synthase complex formation and motility to fully understand cell wall biosynthesis. However, also the search for new components in cell wall polysaccharide biosynthesis is far from over as exemplified by the knock-out study of the only orthologous gene to pectic rhamnogalacturonan I (RG I) backbone synthesizing rhamnosyl transferase (RRT) in liverwort Marchantia polymorpha, published in this Research Topic (Wachananawat et al.). While MpRRT1 should be essential for RG I biosynthesis the mprrt1 mutant still contains 80% of the normal RG I content pointing to a contribution of other RG I backbone synthesizing loci that remain to be identified.



PROTEIN-CARBOHYDRATE INTERACTIONS, UP TO APPLICATIONS

The specific interaction between proteins such as carbohydrate-active enzymes and lectins, and carbohydrate structures is at the forefront plant glycobiology. Consequently, several papers in this Research Topic aim at the (functional) characterization of glycosyl transferases, lectins, GPI anchor modifications and their importance for plant development.

Beihammer, Maresch, Altmann et al. provide insights into the biosynthesis of the lipid-linked glycan backbone that is subsequently transferred to proteins during the attachment of a GPI anchor. MS analysis and glycosidase digestion show that the core glycan of a GPI-anchor derived from a reporter protein carries an additional galactose residue that is likely transferred in the Golgi.

Romero-Pérez et al. report in their study that overexpression of the chimeric lectin F-box Nictaba helps Arabidopsis plants to cope with bacterial infection from Pseudomonas syringae. In addition, higher levels of anthocyanins are accumulating in overexpression lines compared to wild-type plants and knock-out lines.

Putative lectins are the subject of a bioinformatic transcriptome analysis of gene expression in various flax tissues producing different types of cell walls. From this analysis it is predicted that the multiple lectin mediated processes take place in plant cell walls throughout plant development (Petrova et al.).

Functional studies are an important step toward possible applications of glycobiology research. Zhang and Showalter give an overview of the principles and use of CRISPR/Cas9 to perform functional analysis of genes important for plant cell wall biosynthesis. While the application of genome editing tools to questions related to cell wall biology is still limited to a few examples, the authors show that because of the high specificity and the possibility for multi-gene targeting CRISPR/Cas9 is an ideal tool to uncover biological functions of genes, which can be extended and applied to many other genes encoding carbohydrate-modifying enzymes, and beyond. Shin et al. used the N. benthamiana platform for functional expression of the SARS-CoV-2 receptor binding domain. Though N-glycosylation of the receptor binding domain is important for proper folding, the N-glycan processing did not affect its functionality.

In the past decades, plants have become a very attractive platform for recombinant protein production of glycoproteins. Consequently, several model plants have been glyco-engineered to enable synthesis of human N-glycan structures in plants (Montero-Morales and Steinkellner, 2018; Margolin et al., 2020). Bohlender et al. were successful in establishing stable protein sialylation in Physcomitrella patens, creating opportunities for this moss to be used as a plant-based biopharmaceutical production platform. In their review paper Margolin et al. highlight recent progress in glycoengineering and the engineering of glycosylation-directed folding pathways in plants, aiming for use in the production of recombinant viral glycoprotein vaccines (Gitzinger et al., 2009; Castilho et al., 2010).

Although many papers in this Research Topic still focus on A. thaliana as a model plant, several other models, such as microalgae, P. patens, M. polymorpha, N. benthamiana, and N. tabacum, Populus, flax, tomato, and rice are now also being used in plant glycobiology studies. Clearly this Research Topic highlights the progress made in the field of plant glycobiology, and emphasizes the importance of glycosylated molecules and polysaccharides for plant growth and development.
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Rhamnogalacturonan I (RG-I) comprises approximately one quarter of the pectin molecules in land plants, and the backbone of RG-I consists of a repeating sequence of [2)-α-L-Rha(1-4)-α-D-GalUA(1-] disaccharide. Four Arabidopsis thaliana genes encoding RG-I rhamnosyltransferases (AtRRT1 to AtRRT4), which synthesize the disaccharide repeats, have been identified in the glycosyltransferase family (GT106). However, the functional role of RG-I in plant cell walls and the evolutional history of RRTs remains to be clarified. Here, we characterized the sole ortholog of AtRRT1–AtRRT4 in liverwort, Marchantia polymorpha, namely, MpRRT1. MpRRT1 had RRT activity and genetically complemented the AtRRT1-deficient mutant phenotype in A. thaliana. However, the MpRRT1-deficient M. polymorpha mutants showed no prominent morphological changes and only an approximate 20% reduction in rhamnose content in the cell wall fraction compared to that in wild-type plants, suggesting the existence of other RRT gene(s) in the M. polymorpha genome. As expected, we detected RRT activities in other GT106 family proteins such as those encoded by MpRRT3 in M. polymorpha and FRB1/AtRRT8 in A. thaliana, the deficient mutant of which affects cell adhesion. Our results show that RRT genes are more redundant and diverse in GT106 than previously thought.
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Introduction

Rhamnogalacturonan I (RG-I), along with homogalacturonan (HG) and RG-II, constitutes the major part of the pectin in cell walls of land plants, which include charophytes, bryophytes, and vascular plants (Kulkarni et al., 2012; O’Raurke et al., 2015). RG-I consists of a ramified backbone composed of the disaccharide repeating unit [2)-α-L-Rha(1-4)-α-D-GalUA(1-] (Lau et al., 1985), which is branched at the O4 or O3 position of Rha residues with arabinan, galactan, or arabinogalactan (Lau et al., 1987). Some of these side chains are further modified by fucose and glucose residues at the site close to the backbone (Nakamura et al., 2001) or terminal ferulic acid (Ishii, 1997; Ralet et al., 2005).

The contents and/or branching pattern of RG-I depend on the plant species, tissues of the same plants, and developmental stages of the same tissues. The side chains of RG-I are developmentally or spatially regulated in pea cotyledons (McCartney et al., 2000), Arabidopsis thaliana inflorescence stems (Phyo et al., 2017), G-layers in poplar tension wood (Gorshkova et al., 2015; Guedes et al., 2017), seed mucilage (Dean et al., 2007; Macquet et al., 2007), and fruit softening (Orfila et al., 2002; Paniagua et al., 2016; Wang et al., 2019). These studies showed that RG-I is related to the maturation and mechanical properties of some tissues; however, the associated molecular mechanisms remain unclear. The functional roles of pectin in cell wall mechanics are considered more important than previously thought (Cosgrove, 2018; Haas et al., 2020); however, functional analyses of RG-I are insufficient to determine its roles because appropriate RG-I-deficient mutants are not easily created.

To address the functional roles of RG-I polysaccharides, it is vital to identify and analyze corresponding biosynthetic genes. An analysis of A. thaliana mutants deficient in ARABINAN DEFICIENT 1 (ARAD1) and/or ARAD2, which are responsible for arabinan elongation, previously revealed that arabinan has a role in the mechanical properties of inflorescence stems (Harholt et al., 2006; Verherbruggen et al., 2013). Further, loss-of-function mutants in GALACTAN SYNTHASE 1 (GALS1) to GALS3, which are involved in galactan elongation, do not show any obvious phenotypic change, and analyses of their double or triple deficient mutants have not been reported to date (Liwanag et al., 2012; Ebert et al., 2018). Four backbone-synthetic RG-I rhamnosyltransferases (AtRRT1 to AtRRT4) in the glycosyltransferase family (GT 106) were recently identified in A. thaliana (Takenaka et al., 2018). The AtRRT1-deficient mutant was observed to have reduced content of RG-I in seed mucilage; however, the RG-I-deficient mutant (deficient in all four AtRRT genes) has not been analyzed to date. Thus, it is not easy to prepare RG-I-deficient mutants and analyze the functions of RG-I polysaccharides because the genes encoding its biosynthetic enzymes are redundant.

The genes encoding cell wall polysaccharide biosynthetic-enzymes of vascular plants are also found in bryophytes and charophytes (Mikkelsen et al., 2014; Bowman et al., 2017), suggesting that typical cell walls of land plants are required for plant terrestrialization. Among the various plant species, Marchantia polymorpha, a liverwort in bryophyte, is an attractive plant species for the functional analysis of cell walls because it exhibits low genetic redundancy compared to other land plants (Bowman et al., 2017). Bryophyte plants also have RG-I in their cell walls (Kulkarni et al., 2012; Roberts et al., 2012; McCarthy et al., 2014). Vascular plants including A. thaliana have two or more RG-I-synthetic RRT genes in their genomes, whereas the M. polymorpha genome has only one gene homologous to AtRRT genes (Bowman et al., 2017; Takenaka et al., 2018). An analysis of the M. polymorpha mutant deficient in this gene is an attractive approach to elucidate the functional and evolutionary roles of RG-I in the cell wall, even though its life cycles, reproduction system, and the presence of xylem are to some extent distinct from those of vascular plants. The biochemical and functional analyses of RRT in M. polymorpha in this study were performed to provide profound knowledge of RRT genes in land plants, including their evolutionary history and gene redundancy in plant genomes.



Materials and Methods


Plant Materials

The A. thaliana T-DNA insertion lines for Atrrt1 (SALK_022924 and SALK_042968) were obtained from the Arabidopsis Biological Resource Center. The seeds of wild-type (Col-0) and Atrrt1 strains were grown on MS medium at 22°C under a 16-h light/8-h dark cycle. After 10 days, the seedlings were transferred to compounded soil under the same conditions. Homozygous insertion mutant lines were identified by PCR analysis (Takenaka et al., 2018). The Nicotiana benthamiana seeds were sown in the soil and incubated with a 16-h light/8-h dark cycle at 22°C for 2 weeks. The seedlings were transferred to each pot under the same conditions for 6 weeks.

A male accession of liverwort (M. polymorpha), Takaragaike-1 (Tak-1), was used in this study and asexually maintained via the transplantation and growth of gemmae (Ishizaki et al., 2008). Liverworts were cultured on a Petri dish using half-strength Gamborg’s B5 (1/2 B5) medium (Gamborg et al., 1968) containing 1% agar (Nacalai Tesque), under continuous 50 to 60 μmol/m2·s white fluorescent light at 22°C. To induce the reproductive phase, thalli were transferred to plastic cases with 1/2 B5 medium containing 1% agar and grown under continuous 50 to 60 μmol/m2·s white light supplemented with 10 to 20 μmol m−2 s−1 far-red light irradiation at 22°C.



Complementation of the Atrrt1-1 Mutant With MpRRT1

The cDNA of the MpRRT1 (Mapoly0033s0138.1) gene was amplified by PCR with specific primers, MpRRT1_F and MpRRT1_R (Supplementary Table 1), using M. polymorpha cDNA as a template, and the resulting PCR product was cloned into the pWAT202 vector (Kumakura et al., 2013) using the in-fusion HD cloning kit (Clontech). The resulting construct was transformed into the Atrrt1-1 (SALK_022924) mutant via Agrobacterium tumefaciens (GV3101 strain)–mediated transformation (Holsters et al., 1978). Transgenic plants were selected on MS agar plates containing 10 μg/ml bialaphos. The seed mucilage phenotype was observed with a stereo microscope (Olympus MVX10). The mature dry seeds were soaked in water for 2 h and stained with 0.01% ruthenium red solution for 1 h and the color was washed out with water (McFarlane et al., 2014). The volume of seed mucilage was calculated by assuming that the seeds or seeds containing mucilage were spheroid. The length of each axis was calculated using ImageJ software.



Expression of Recombinant RRTs

The full-length MpRRT1 and MpRRT3 (Mapoly0014s0149.1) open reading frames were amplified with sets of gene-specific primers, [MpRRT1-FLAG_F and MpRRT1-FLAG_R] and [MpRRT3-FLAG_F and MpRRT3-FLAG_R] (Supplementary Table 1), respectively, using M. polymorpha cDNA as a template. The full length FRB1/AtRRT8 open reading frame was amplified with gene-specific primers, AtRRT8-FLAG_F and AtRRT8-FLAG_R (Supplementary Table 1), using A. thaliana cDNA as a template. The amplified DNA was cloned into the pBI121 vector using the in-fusion HD cloning kit (Clontech). The recombinant RRT plasmids or the empty pBI121 vector were transformed into A. tumefaciens GV3101 strain using a freeze-thaw method (Holsters et al., 1978). The transformed A. tumefaciens were selected on an LB agar plate containing 50 µg/ml kanamycin, 50 µg/ml gentamycin, and 50 µg/ml rifampicin. The transformed A. tumefaciens cells (OD600 0.5) were suspended in 10 mM MES-KOH buffer, pH 5.8, containing 10 mM MgSO4 and inoculated into N. benthamiana leaves via the vacuum infiltration method (Leuzinger et al., 2013). After infiltration, the plants were grown under 16-h light/8-h dark conditions at 22°C for 3 days. The tobacco leaves were ground with liquid nitrogen and homogenized with 25 mM Tris-HCl buffer, pH 7.0, containing 10 mM MgCl2, 2 mM dithiothreitol, 250 mM sucrose, 2 µM leupeptin, and 0.1 mM PMSF. The homogenate filtered through miracloth was centrifuged at 3,000 × g for 10 min at 4°C. The supernatant was centrifuged at 100,000 × g for 1 h at 4°C to pellet the microsomal fraction. The microsomal proteins (approximately, 1.2 mg) were solubilized in 100 µl of the buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1.0% Triton X-100. The solubilized proteins were suspended with 10 µl of an anti-FLAG M2 affinity gel (Sigma-Aldrich) on a rotating wheel at 4°C for 1 h. The gel beads were then washed three times with 50 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl and 0.01% Triton X-100. The amount of protein used for enzyme assays was approximately 1.5 µg. The recombinant proteins were detected by western blotting with a monoclonal anti-FLAG M2 antibody conjugated with alkaline phosphatase (1:2,000; Sigma-Aldrich) using Immobilon Forte Western HRP Substrate (Merck Millipore). Affinity-bound proteins from the microsomal fraction of tobacco leaves infiltrated with the empty pBI121 vector were used as a control.



Assay for RG-I Rhamnosyltransferase

The oligosaccharides derived from RG-I were labeled with 2-aminopyridine at their reducing ends (Uehara et al., 2017) and used as acceptor substrates of RG-I rhamnosyltransferase. The structures and abbreviations for these oligosaccharides are listed in Supplementary Table 2. UDP-rhamnose was enzymatically synthesized as described previously (Ohashi et al., 2016). The RG-I rhamnosyltransferase assay was carried out in a reaction mixture (total volume, 10 µL) containing the enzyme, 50 mM HEPES-KOH buffer, pH 7.0, 25 mM KCl, 0.2 M sucrose, 0.05% bovine serum albumin, 0.25% Triton X-100, 0.5 mM UDP-Rha, and 50 μM GR8-PA at 30°C for 1 h. The reaction was terminated by heating at 100°C for 3 min. The enzyme product was separated using a TSKgel-DEAE-5PW column (7.5 mm × 75 mm) as described previously (Uehara et al., 2017). It was then detected based on its fluorescence (Ex 320 nm, Em 400 nm) and quantified from the peak area on the chromatogram.



Functional Analyses of MpRRT1 in Liverwort

The sequence information of the M. polymorpha genome portal site MarpolBase (http://marchantia.info; JGI 3.1) was used for plasmid construction. Constructs for the CRISPR/Cas9-target mutagenesis of MpRRT1 were generated by annealing oligonucleotide pairs with MpRRT1_CR1_F and MpRRT1_CR1_R (Supplementary Table 1) and the ligation of these annealed products into the BsaI site of a pMpGE_En03 vector (Addgene) (Sugano et al., 2018) to produce plasmids En03_MpRRT1_CR1 including gRNA expression cassettes. The sequence between attL1 and attL2 within En03_MpRRT1_CR1 was inserted into the binary vector pMpGE011 (Addgene) (Sugano et al., 2018) via an LR reaction using Gateway LR Clonase II Enzyme Mix (Thermo Fisher Scientific). The resulting construct, GE011_MpRRT1_CR1, was introduced into Tak-1 using A. tumefaciens strain GV2260 as described previously (Kubota et al., 2013).

To construct reporter plasmids, a DNA fragment of the 5′-putative MpRRT1 promoter sequence was amplified by PCR using Prime STAR MAX DNA polymerase (Takara Bio) with MpRRT1-4217_F and MpRRT1_0_R primers (Supplementary Table 1) from the Tak-1 genome. The fragment was cloned into a pENTR/D-TOPO entry vector (Thermo Fisher Scientific). We found that the tandem duplication of a 1.0-kbp sequence in the MpRRT1 promoter did not exist in the PCR product sequence based on the results of Sanger sequencing and the fragment size of the cloned vector digested with the restriction enzyme NcoI. Therefore, we used this 3,217-bp fragment of the MpRRT1 promoter for further analyses. The resulting construct, pENTR_proMpRRT1, was inserted into the destination vectors pMpGWB316 and pMpGWB304 (Addgene) (Ishizaki et al., 2015) via the LR reaction using LR Clonase II Enzyme Mix to produce proMpRRT1:tdTOMATO and proMpRRT1:GUS plasmids, respectively.

For subcellular localization analysis of the MpRRT1-tagRFP fusion protein, the cDNA sequence of MpRRT1 without a stop codon (TGA) was amplified by PCR using Prime STAR MAX DNA polymerase (Takara Bio) with MpRRT1_1_F and MpRRT1+3107_nostop_R primers (Supplementary Table 1), followed by cloning into the pENTR/D-TOPO entry vector. The MpRRT1 cDNA sequence of the resulting construct, pENTR_cMpRRT1ns, was inserted into the destination vector pMpGWB328 (Addgene) (Ishizaki et al., 2015) via an LR reaction to produce the pro35S:MpRRT1-tagRFP plasmid. The plasmids pro35S:MpUSE1A-Citrine, pro35S:MpSYP3-Citrine, and pro35S:MpSYP4-Citrine were obtained from Ueda, T. and Kanazawa, T. (National Institute for Basic Biology) (Kanazawa et al., 2016).



Transformation of Liverwort

The transformation of liverwort using regenerating thalli was performed according to previously described methods (Kubota et al., 2013). Transformants were selected on plates containing 0.5 µM chlorsulfuron or 10 µg/ml hygromycin. For analyses of the subcellular localization of the MpRRT1-tagRFP protein, pro35S:MpUSE1A-Citrine, pro35S:MpSYP3-Citrine, and pro35S:MpSYP4-Citrine constructs were first transformed into Tak-1 thalli, followed by selection with hygromycin. Transformants were confirmed by observing Citrine fluorescence with a laser scanning confocal microscope (FV1000-D BX61, Olympus). Each established line was used for the second transformation with pro35S:MpRRT1-tagRFP and selection with chlorsulfuron.



Genomic DNA Extraction and Genotyping of Liverwort

For plasmid construction, the Tak-1 DNA was extracted from thalli using the DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s protocol. For genotyping after genome editing, DNA was extracted based on the following method. Approximately 5-mm2 thallus samples were grinded with a Tissuelyser II (Qiagen) with 150 µl of DNA extraction buffer [1.5 M Tris-HCl (pH 8.8), 10% (w/v) SDS, 10 M LiCl, 1.5 M EDTA (pH8.0)], and 150 µl phenol:chloroform:isoamyl alcohol (25:24:1) for 5 min at 20 Hz. Resulting lysates were centrifuged at 20,000 × g for 10 min at 4°C. The supernatant was mixed with the same volume of isopropanol. After another centrifuge step (20,000 × g; 10 min; 4°C), the supernatant was removed and the pellet was washed with 160 µl of 70% ethanol. After further centrifuging (20,000 × g; 10 min; 4°C), the supernatant was removed and the pellet was dried at room temperature for at least 5 min. The dried pellet was dissolved in 50 µl TE buffer and used as the DNA sample for genotyping. For PCR reactions, Tks Gflex DNA Polymerase (Takara Bio) was used according to the manufacturer’s protocol. Primers for genotyping after genome editing are described in Supplementary Table 1.



Microscopy

The morphology of 9-day-old thalli and GUS-stained thalli was imaged using a stereomicroscope (Leica M205 FA). For reporter analyses with proMpRRT:tdTOMATO, tdTOMATO was excited at 546 nm under a fluorescence microscope (Leica DM5500 B). Confocal laser scanning microscopy observations were conducted using a Zeiss LSM880. Citrine and tagRFP were excited with 488-nm and 543-nm laser wavelengths, respectively. Samples were observed with LD-LCI Plan-Apochromat 40x/1.2 NA multi-immersion objectives.



GUS Staining

Histochemical assays for GUS activity were performed as described previously (Ishizaki et al., 2012).



Extraction and Analysis of Cell Wall Monosaccharides

For cell wall monosaccharide analysis, the cell wall samples were fractionated as described previously with minor modifications (Nishitani and Masuda, 1979). The 0- to 5-mm region from the apical notch of 3-week-old thalli were subjected to extraction with 80% ethanol at 80°C and a methanol/chloroform mixture at 25°C. Samples were next washed with 100% ethanol three times, followed by three washes with acetone. After removing acetone, the samples were hydrolyzed with 2 N trifluoroacetic acid for 1 h at 121°C. After evaporation and subsequent dissolution in water, monosaccharides were analyzed using a high-performance anion exchange chromatograph (DionexICS 5000) equipped with a CarboPak PA1 column. Detailed conditions for this analysis were described previously (Takenaka et al., 2018).




Results


RRT Gene in M. polymorpha

The A. thaliana genome possesses 34 genes predicted to encode glycosyltransferases of GT106 proteins. Four of the 34 genes (AtRRT1 to AtRRT4) have been identified as encoding RRT enzymes responsible for RG-I synthesis (Takenaka et al., 2018). In contrast, M. polymorpha of the bryophytes possesses 13 genes predicted to encode GT106 proteins, and only a single M. polymorpha gene (Mapoly0033s0138.1) was found to be homologous to the four AtRRTs. This gene was named MpRRT1 and further characterized in this study.



MpRRT1 Has RG-I Rhamnosyltransferase Activity

To examine RG-I rhamnosyltransferase activity of MpRRT1 using the fluorescent-labeled RG-I oligosaccharide (Figure 1A), we expressed recombinant MpRRT1 as a FLAG-tagged fusion protein in N. benthamiana leaves and purified it with an anti-FLAG M2 affinity gel. The recombinant protein was detected by immunoblotting as a 61-kDa protein, corresponding to its calculated molecular mass (61 kDa; Figure 1B). A 1-h reaction of the recombinant protein with the RG-I oligosaccharide, GR8-PA (Supplementary Table 2), and UDP-Rha quantitatively produced GR9-PA, a rhamnosyl residue-adduct of GR8-PA (Figure 1C), whereas the protein fraction prepared by the same procedure from N. benthamiana leaves transformed with the empty vector had no enzyme activity. These results show that MpRRT1 exhibits RG-I rhamnosyltransferase activity, acts on RG-I oligosaccharides with a degree of polymerization (DP) more than 5 as acceptor substrates, and prefers those with DP more than 8 (Figure 1D). The enzyme activity did not depend on divalent cations (Figure 1E). Its optimum pH and temperature were approximately 7.0 and 20°C, respectively, under the conditions used in this study. These characteristics are similar to those of AtRRTs (Takenaka et al., 2018).




Figure 1 | MpRRT1 has RG-I rhamnosyltransferase activity. (A) Reaction scheme for MpRRT1. Green triangles and yellow-divided diamonds represent Rha and GalUA residues, respectively. The fluorescent pyridylamino group (PA) is covalently linked to the reducing-end of the oligosaccharides. (B) SDS-PAGE of the recombinant MpRRT1 protein with a C-terminal FLAG tag expressed in tobacco leaves. The protein was detected by immunoblotting using an anti-FLAG antibody. The control proteins were prepared from tobacco leaves infiltrated with the empty pBI121 vector with the same procedure as that used to prepare MpRRT1. (C) Rhamnosyltransferase activity of MpRRT1. The recombinant protein was reacted with 50 µM GR8-PA and 0.5 mM UDP-Rha at 30°C for 1 h. The upper and lower chromatograms represent after the enzyme reaction with the fraction from control proteins and MpRRT1, respectively. The enzyme product GR9-PA was detected after the enzyme reaction with MpRRT1. (D) Acceptor substrate specificity of MpRRT1. The structures of acceptor oligosaccharides are shown in Supplementary Table 2. (E) Divalent cation-dependence of MpRRT1. Values are presented as the mean of three biologically independent samples with SD.





MpRRT1 Complements the Atrrt1-1 Mutant

To functionally characterize MpRRT1 in planta, we next investigated whether the overexpression of MpRRT1 cDNA complements the A. thaliana loss-of-function mutant, in which T-DNA was inserted into the AtRRT1 gene (Figure 2). Whereas the Atrrt1 mutants exhibited an approximate 28% reduction in seed mucilage volume (Supplementary Figure S1 and Figures 2B, C; Takenaka et al., 2018), the pro35S:MpRRT1 transgenic lines in the Atrrt1-1 mutant background showed restored reductions in mucilage production characteristic of the Atrrt1-1 mutant (Figures 2B, C). These results suggest that MpRRT1 functions in the production of RG-I in planta, as is the case with AtRRT1 (Takenaka et al., 2018).




Figure 2 | MpRRT1 complements the reduction in seed mucilage production in the Atrrt1-1 mutant. (A) RT-PCR analysis of the MpRRT1 transcript in the wild-type, Atrrt1-1 (SALK_022924), and two complemented Atrrt1-1 (pro35S:MpRRT1/Atrrt1-1) strains. UBQ10 was used as a loading control. (B) Mucilage volumes of seed coats in the wild-type, Atrrt1-1, and two complemented Atrrt1-1 strains. The mucilage volumes are presented as the mean values of 20 seeds with SD. The asterisk indicates that the value was significantly different from those of the wild-type and complemented Atrrt1-1 strains by Student’s t-test: *P < 0.05. (C) Arabidopsis seed mucilage of the wild-type, Atrrt1-1, and two complemented Atrrt1-1 strains, stained with ruthenium red. Scale bar, 250 μm.





Expression Profiles of MpRRT1 in Liverwort

Pectin biosynthesis occurs in the Golgi apparatus and AtRRT1 has been shown to localize to this organelle (Takenaka et al., 2018). We next compared the subcellular localization of MpRRT1 with those of marker proteins MpUSE1A, MpSYP4, and MpSYP3, of which the localizations are the endoplasmic reticulum, trans-Golgi network, and cis-Golgi, respectively (Kanazawa et al., 2016). Each marker protein fused with Citrine (green) was co-transformed with pro35S:MpRRT1-tagRFP into thalli of liverworts. The red fluorescence of MpRRT1-tagRFP was distributed in a dot-like pattern (Figures 3B, E, H). This localization did not correspond to that of Citrine-MpUSE1A (Figures 3A, C). The dot-like patterns were also observed for Golgi-localized proteins, specifically Citrine-MpSYP4 (Figure 3D) and Citrine-MpSYP3 (Figure 3G). Among them, Citrine-MpSYP3 co-localized with the MpRRT1-tagRFP (Figure 3I), indicating that MpRRT1 localizes at the cis-Golgi in liverwort.




Figure 3 | Subcellular localization of MpRRT1-tagRFP protein in liverwort. Thallus cells in 2-week-old gemmalings of transgenic pro35S:MpRRT1-tagRFP liverworts co-overexpressing Citrine-MpUSE1A (A–C), Citrine-MpSYP4 (D–F), or Citrine-MpSYP3 (G–I) were observed with a laser scanning confocal microscope. The localization of the Citrine-proteins (green) (A, D, G), tagRFP florescence (B, E, H), and their merged images (C, F, I) are shown. In D–I, small white squares are shown at an increased magnification at the upper right. Scale bars, 25 μm.



A previous RNA-seq analysis of M. polymorpha tissues (Bowman et al., 2017) showed that MpRRT1 was expressed in all tissues investigated (Figure 4A). To explore the expression pattern of MpRRT1 at a higher spatial resolution, we generated promotor:tdTOMATO and promotor:GUS lines for MpRRT1. The predicted promotor region of MpRRT1 (proMpRRT1, 4,217 bp) was extracted from MarpolBase (http://marchantia.info). Although this region contained duplicated 1,000-bp nucleotide sequences (Supplementary Figure S2), we confirmed that this duplicated region was missing in the M. polymorpha wild-type genome by Sanger sequencing (Supplementary Figure S3). The structure of the MpRRT1 gene is shown in Figure 4B. The upstream promoter region (proMpRRT, 3,217 bp) was used for reporter analysis. According to MarpolBase, a predicted gene (Mapoly0033s0139.1) was located −0.7- to −3.9-kbp upstream of the MpRRT gene (Figure 4B). We excluded the transcriptional start site of Mapoly0033s0139.1 (−3.9-kbp upstream) from the proMpRRT1 region to avoid the unexpected transcription of this gene in transformants. Next, proMpRRT1 was fused with the tdTOMATO gene (proMpRRT1:tdTOMATO) or GUS gene (proMpRRT1:GUS). Each resulting construct was then transformed into thalli of wild-type liverwort. The fluorescence of tdTOMATO was concentrated in the notch of the gemma (Figures 4E, H). Similarly, the strong signal at the apical notch was also observed by GUS-staining 11-day-old thalli in the proMpRRT1:GUS transformants (Figures 4I, J). In addition, GUS staining was observed in the region ~1 mm from the apical notch in 11-day-old thalli (Figure 4I). This region corresponds to the area in which thallus growth is decreased or ceases (Solly et al., 2017). The region of GUS staining was spread out in the 19-day-old thalli except for the region ~1 mm from the apical notch (Figure 4K). The region showing weak GUS staining was previously shown to correspond to the area exhibiting higher aerial growth rates than others (Solly et al., 2017). In the antheridiophore, strong GUS staining was observed in the lobed disc but not in the elongating stalk (Figure 4L). These expression patterns imply that MpRRT1 is predominantly expressed in the meristematic and maturation stage of development in liverwort tissues.




Figure 4 | Expression profiles of MpRRT1 in liverwort. (A) Expression profile of MpRRT1 based on RNA-Seq data. Expression levels of MpRRT1 in the thallus, gemma cup, and midrib were estimated based on the relative abundances of transcripts with the unit fragments per kilobase million (FPKM). The values are presented as the mean of three biologically independent samples with SD. (B) Schematic representation of the structure of the Tak-1 MpRRT1 (Mapoly0033s0138.1) and the adjacent gene locus based on Marpolbase and sequencing results in this study. Orange and white boxes represent predicted exons and UTRs, respectively. Black lines represent introns. A bidirectional arrow indicates the promoter region used in reporter analyses. (C–H) Expression pattern of proMpRRT1:tdTOMATO in gemma. Images of light field (C, F), fluorescence images of tdTOMATO (D, G), and their merged images (E, H) are shown. Magnified images of the white squares in the upper panels are presented in the images in lower panels. White arrowheads indicate the apical notch. (I–L) GUS staining of proMpRRT1:GUS in 11-day-old thalli (I, J), 19-day-old thalli (K), and antheridiophores (L). (J) is a magnified image of the area of the white squares of (I). White arrowhead indicates GUS staining at the apical notch. Scale bars, 100 μm (C–H), 500 μm (J), 2 mm (I, K), and 5 mm (L).





Phenotype of the Mprrt1 Mutants

To investigate the significance of RG-I in M. polymorpha plants, we generated the MpRRT1-deficient mutants by genome editing using the CRISPR/Cas9 system. These mutants were expected to be RG-I-deficient because MpRRT1 was considered the sole RG-I rhamnosyltransferase-encoding gene found in the M. polymorpha genome. We transformed a construct encoding a guide RNA that targeted the fourth exon of MpRRT1 (Supplementary Figure S4A) and detected >8 events of genome editing around the fourth exon of MpRRT1 in the genome at the T1 generation. Among them, we chose two mutants, Mprrt1-1 with a 155-bp deletion and a 16-bp insertion resulting in deletion of amino acids (ΔD158 to R188) (Supplementary Figure S4B) and Mprrt1-2 with a 5-bp deletion resulting in a frameshift that introduced a premature stop codon (Supplementary Figure S4C) for further analyses (Supplementary Figure S5). The percentages of rhamnose residues among cell wall monosaccharides of Mprrt1-1 and Mprrt1-2 were only 20% and 21% lower than wild-type levels, respectively (Figure 5A). There was also no significant difference in galacturonic acid contents between wild-type and the mutant strains (Figure 5A). We next investigated the morphological differences between the wild-type and the Mprrt1-1 mutant based on 9-day-old gemmalings, 21-day-old gemmalings, and antheridiophores. However, contrary to expectations, prominent morphological differences were not observed between wild-type and mutant strains (Figures 5B–G). These results suggested that MpRRT1 is not the sole RRT gene in M. polymorpha and that this species has other RRT genes in its genome.




Figure 5 | Chemotype and phenotype of the MpRRT1 genome-edited lines. (A) Monosaccharide compositions of thalli in the MpRRT1 genome-edited lines. Trifluoroacetic acid-hydrolysate non-cellulosic fractions from 21-day-old gemmalings of Tak-1 (gray), Mprrt1-1 (red), and Mprrt1-2 (blue) strains were subjected to ion-chromatography. The monosaccharide contents are shown as the percentages of the total amounts of monosaccharides. Values represent means of three biologically independent samples with SD. Asterisks indicate that the value was signiﬁcantly different from that of Tak-1 by Student’s t-test: *P < 0.05. Ara, arabinose; Rha, rhamnose; Fuc, fucose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; GalUA, galacturonic acid; GlcUA, glucuronic acid. Nine-day-old gemmalings of Tak-1 (B) and the Mprrt1-1 mutant (C). Gemmalings were grown on medium covered with cellophane to clearly observe rhizoids. Twenty-one-day-old gemmalings of Tak-1 (D) and the Mprrt1-1 mutant (E). Antheridiophores of Tak-1 (F) and the Mprrt1-1 mutant (G). Bars, 2 mm (B, C, F, G) and 1 cm (D, E).





Gene Redundancy of RRTs in GT106

Next, we examined the RG-I rhamnosyltransferase activity of GT106 proteins other than AtRRT1, AtRRT2, AtRRT3, AtRRT4 (Takenaka et al., 2018), and MpRRT1 (this study). First, we examined MpRRT3 (Mapoly0014s0149.1), which is most closely related to the clade containing the RRTs identified in the phylogenetic tree of GT106 (Figure 6). We expressed a recombinant MpRRT3 fused with a FLAG-tag as an 85-kDa protein, for which the molecular mass was calculated to be 81 kDa, in N. benthamiana leaves (Figure 7A). MpRRT3 exhibited the same RG-I rhamnosyltransferase activity as MpRRT1 (Figure 7C), as GR8-PA was used as an acceptor substrate.




Figure 6 | A neighbor joining phylogenetic tree of Marchantia polymorpha and Arabidopsis thaliana GT106 proteins. Amino acid sequences of 34 Arabidopsis and 13 Marchantia GT106 proteins were aligned using ClustalW, and bootstrap analyses were performed with 1,000 replicates. The RG-I rhamnosyltransferase (RRT) clade is highlighted in pale yellow. Scale bar indicates the number of amino acid substitutions per site.






Figure 7 | MpRRT3 and FRB1/AtRRT8 have RG-I rhamnosyltransferase activity. (A, B) SDS-PAGE of the recombinant (A) MpRRT3 and (B) FRB1/AtRRT8 proteins with a C-terminal FLAG tag expressed in tobacco leaves. The proteins were detected by immunoblotting using an anti-FLAG antibody. (C, D) Rhamnosyltransferase activity of (C) MpRRT3 and (D) FRB1/AtRRT8. The recombinant proteins were reacted with 50 µM GR8-PA and 0.5 mM UDP-Rha at 30°C for 1 h. The upper and lower chromatograms represent after enzyme reactions with the fraction from control proteins and the recombinant proteins.



The clade containing MpRRT3 in GT106 includes several A. thaliana putative glycosyltransferases (Figure 6). FRB1/AtRRT8, one A. thaliana putative enzyme, was shown to be involved in cell adhesion, but enzyme activity had not yet been characterized (Neumetzler et al., 2012). Accordingly, we produced a recombinant FRB1/AtRRT8 protein as a 68-kDa protein (calculated value, 72 kDa) in N. benthamiana leaves (Figure 7B) and detected its RG-I rhamnosyltransferase activity using GR8-PA as an acceptor substrate (Figure 7D).

These results extended the clade for pectin-synthetic RG-I rhamnosyltransferases in GT family 106. All proteins in the RRT clade defined as shown in Figure 6 appear to have RG-I rhamnosyltransferase activity. Streptophyte plants have several RRT genes in their genomes (Table 1). A. thaliana (angiosperm, eudicot), Oryza sativa (angiosperm, monocot), Picea abies (gymnosperm), Selaginella moellendorffii (lycophyte), M. polymorpha (bryophyte), and Klebsormidium flaccidum (charophyte) were found to have 10, 11, 15, 7, 4, and 2 RRT genes in their genomes, respectively (Table 1).


Table 1 | Gene numbers of GT106 and the RRT clade in plant genomes.






Discussion

The first rhamnosyltransferase responsible for the biosynthesis of the RG-I backbone, named RRT, was identified in eudicot plants (Uehara et al., 2017; Takenaka et al., 2018). In this study, we demonstrated the existence of the same enzyme activity in the liverwort M. polymorpha using a recombinant MpRRT1 protein expressed in N. benthamiana (Figure 1). We also observed that the enzyme functions to produce RG-I in vivo (Figure 2). These results biochemically verified the evolutionary view that RRT exists in the genome of Streptophyta plants including the liverwort M. polymorpha (Takenaka et al., 2018).

Pectin biosynthesis occurs in the lumen of the Golgi apparatus (Driouich et al., 2012). Some RG-I biosynthetic glycosyltransferases have been shown to localize to the Golgi endomembrane system (Harholt et al., 2012; Liwanag et al., 2012; Takenaka et al., 2018). This study showed that MpRRT1 localizes to the cis-Golgi (Figure 4). The epitopes of LM5, which recognize the RG-I side chain galactan have been shown to be present mostly in the trans-Golgi and trans-Golgi network of flax root cells (Vicré et al., 1998). These results support the idea that the biosynthesis of the RG-I backbone and side chains occurs in early and late Golgi compartments, respectively.

The developmental (spatial and temporal) regulation of MpRRT1 expression was also observed (Figures 3 and 4). Reporter analysis suggested that MpRRT1 might function at the meristematic and maturation stage rather than the elongation phase in the development of thalli and antheridiophores (Figure 4). The Mprrt1-deficient lines did not show prominent phenotypic changes (Figure 5), although this might require further detailed analysis. These results can be explained by the redundancy of RRT genes in the M. polymorpha genome (Figure 6). Each MpRRT was expressed in all organs investigated (Supplementary Figure S6), showing that these glycosyltransferases cooperatively synthesize RG-I in each plant organ. This fits with the observation that the MpRRT1-deficient mutants did not show complete elimination of RG-I in their cell walls. However, the biological significance of RG-I polysaccharides in M. polymorpha could not be solved in this study. This plant species still has a relative technological advantage over A. thaliana because of its lower redundancy with respect to RRTs (Table 1). The analysis of M. polymorpha mutants deficient in multiple RRT genes is the next subject for RG-I-related biology.

Streptophyte plants have several RRT genes in their genome (Table 1), meaning that approximately one-third of GT family106 exhibits RRT activity. The presence of a large number of RRT genes in the genomes of Streptophyta indicates that the evolution and diversification of RG-I biosynthesis was a critical event during the terrestrialization of Streptophyta.

The A. thaliana genome has 10 RRT genes in total (Figure 6). This number is comparable with that of GAUT (GT8), as 15 genes can be found in its genome (Atmodjo et al., 2013). GAUT is the enzyme responsible for biosynthesis of the HG backbone. This suggests that the biological significance of RG-I is similar to that of HG. The functional analysis of each GAUT has not been straightforward because of redundancy in this gene (Caffall et al., 2009). Therefore, it can be easily seen that the functional analysis of each RRT gene is difficult because all 10 RRT genes are expressed in all tissues and their expression levels and patterns are diverse based on the Arabidopsis eFP browser (Winter et al., 2007). However, frb1/Atrrt8 single-knockout mutations change the biochemical properties of the cell wall and middle lamella and affect cell-cell adhesion (Neumetzler et al., 2012). These pleiotropic effects of this mutation made it to be difficult to specify the glycosyltransferase activity of FRB1/AtRRT8. Taking the results of this study into account, RG-I synthesized by FRB1/AtRRT8 is involved in cell adhesion in the cell wall and/or middle lamella of A. thaliana. FRB1/AtRRT8 affects the contents of monosaccharide residues constituted of RG-I (Neumetzler et al., 2012). Further, it affects the abundance of arabinose and galactose residues rather than the reduction of rhamnose residues (Neumetzler et al., 2012). In this single RRT-deficient A. thaliana, the RG-I structure in the limited region associated with adhesion appears to be affected, and a reduction in rhamnose residues in the frb1/Atrrt8-mutant could not be detected because other RRTs compensate for this to some extent. The changes in arabinose and galactose abundances in this mutant appear to be due to multifaceted effects caused by FRB1/AtRRT8 deficiency. Thus, pectin RG-I synthetic-RRTs are more redundant and diverse in GT106 (Figure 6 and Table 1) than previously thought (Takenaka et al., 2018). A functional study of these RRTs will further contribute to the understanding of the biological roles of RG-I in land plants.

Approximately 30% of the enzymes in the GT106 family were found to be RRTs (Figure 6 and Table 1). However, the biochemical characteristics of other enzymes belonging to the GT106 family appear to be quite different from those of RRTs. This is because previous mutant analyses of the genes belonging to GT106 have shown that they might be involved in the biosynthesis of other polysaccharides, including mannan (Stonebloom et al., 2016; Verger et al., 2016; Smith et al., 2018; Voiniciuc et al., 2019). These GT106 proteins would be undoubtedly glycosyltransferases, as their in vivo functions were lost due to substitutions of amino acid that appear to be catalytic residues (Smith et al., 2018; Voiniciuc et al., 2019). The next step for the study of GT106 is to detect glycosyltransferase activity and analyze biochemical characteristics for each enzyme.

In this study, we concluded that MpRRT1, MpRRT3, and FRB1/AtRRT8 have rhamnosyltransferase activity. This conclusion was highly probable because it was drawn from multiple lines of biochemical evidence (Figures 1, 2, 5, and 7). However, we cannot completely exclude the possibility that the recombinant RRTs indirectly mediate rhamnosyltransferase activity because they were not completely purified from plant microsomal fractions. We did not show an image of the SDS-PAGE gel stained with Coomassie brilliant blue for the protein fractions used for glycosyltransferase assays but did show the western blotting pattern (Figures 1 and 7) because a protein band corresponding to the recombinant protein could not be detected by Coomassie brilliant blue staining. The question of whether RRT alone or a complex containing RRT has rhamnosyltransferase activity is an issue that needs to be clarified in the future.

We extended our knowledge of the RRTs involved in RG-I main chain biosynthesis. However, it has not been determined which galacturonosyltransferase is involved in biosynthesis of the RG-I main chain. Candidates for this include GATL5, GAUT11, and MUCI70, for which deletion mutants show severe phenotypes of reduced seed mucilage (Kong et al., 2013; Voiniciuc et al., 2018). Biochemical analysis of the enzymes encoded by these genes is eagerly awaited.
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In a plant-specific mode of protein glycosylation, various sugars and glycans are attached to hydroxyproline giving rise to a variety of diverse O-glycoproteins. The sub-family of arabinogalactan proteins is implicated in a multitude of biological functions, however, the mechanistic role of O-glycosylation on AGPs by type II arabinogalactans is largely elusive. Some models suggest roles of the O-glycans such as in ligand-receptor interactions and as localized calcium ion store. Structurally different but possibly analogous types of protein O-glycosylation exist in animal and yeast models and roles for O-glycans were suggested in determining the fate of O-glycoproteins by affecting intracellular sorting or proteolytic activation and degradation. At present, only few examples exist that describe how the fate of artificial and endogenous arabinogalactan proteins is affected by O-glycosylation with type II arabinogalactans. In addition to other roles, these glycans might act as a molecular determinant for cellular localization and protein lifetime of many endogenous proteins.
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Structure of Type II Arabinogalactan O-Linked Glycans and Types of Arabinogalactan Proteins

Eukaryotic cells secrete a multitude of both N-linked and O-linked glycoproteins. In plants, the group of hydroxyproline-rich glycoproteins (HRGPs) that are O-glycosylated at hydroxyproline (Hyp) residues comprise extensins (EXTs), arabinogalactan proteins (AGPs), and proline-rich proteins (PRPs), however, genome wide analyses reveal a continuum of O-glycosylation sequence motifs (see below) in various combinations and together with distinct protein domains (Showalter et al., 2010; Johnson et al., 2017). EXTs are O-glycosylated by short linear arabinans while AGPs are O-glycosylated with branched type II arabinogalactans (AGs) (Figure 1). The little characterized PRPs are generally believed to carry only minimal glycans (Showalter et al., 2010), however there can be large heterogenity in the overall extent of O-glycosylation of individual PRPs (Hijazi et al., 2012). Individual type II AG structures vary between species and between tissues in the same species however, their common feature is a backbone of β-1-3 linked galactan that contains β-1-6 galactan branches and further modification by α-1-3 linked arabinofuranose (Figure 1). Many type II AG structures contain glucuronate or 4-methyl-glucuronate linked to galactose in β-1-6 as well as terminal modifications by L-rhamnose and L-fucose. An important aspect of the β-1-3-galactan backbone is its specific binding to β-glucosyl Yariv reagent, a diazo-dye that has profusely been used for the isolation and identification of AGPs and for in vivo interference with AGP function (Kitazawa et al., 2013; Paulsen et al., 2014). Another diagnostic tool of type II AG are carbohydrate reactive monoclonal antibodies. The epitopes on type II AG recognized by some of these highly specific and sensitive probes have been elucidated by synthetic oligosaccharides and glycan arrays (Pattathil et al., 2010; Ruprecht et al., 2017). While type II AG was detected by monoclonal antibodies and β-glucosyl Yariv reagent in many plant species, occasionally there have been descriptions of other types of O-glycosylation of AGPs such as the heterogeneous glycans found on AGP31 recognized by peanut lectin (Hijazi et al., 2012) and the type III AG found on some allergens (Leonard et al., 2005; Leonard et al., 2010).




Figure 1 | Three variants of type II AG. Structure (A) was determined from the synthetic AGP (Ala-Hyp)51-EGFP expressed in and secreted from Nicotiana tabacum Bright Yellow 2 suspension cells (Tan et al., 2004). Among other techniques, the Hyp-glycan was analyzed using nuclear magnetic resonance spectrometry. Structure (B) is one of many possible models derived from enzymatic fragmentation and electrophoretic as well as mass spectrometric analysis of AGP bulk-purified from A. thaliana leaves (Tryfona et al., 2012). Stucture (C) shows a type II AG sub-structure linked to APAP1/AGP57C and to arabinoxylan and pectic rhamnogalacturonan I (Tan et al., 2013).



Early studies of the protein sequence of bulk-purified HRGPs globally revealed that EXTs contained stretches of contiguous Hyp residues preceded by Ser/Thr (S/T[O]3-5) while in AGPs, Hyp residues were typically clustered but separated by Ser/Thr/Ala residues [A/S/TP]n≥2 (Showalter, 1993; Chen et al., 1994; Du et al., 1994). The repetitive sequence motifs are thought of as the functional units that inform the post-translational attachment of specific O-glycans and are termed glycomodules or more specifically, EXT modules in the former case and AGP modules in the latter. The function of glycomodules as attachment sites of O-glycans was confirmed by expressing artificial AGPs and EXTs in plants (Shpak et al., 1999; Estevez et al., 2006), and led to the Hyp contiguity hypothesis which suggests that contiguous Hyp residues are modified by short linear arabinans and isolated Hyp residues are galactosylated and subsequently modified by type II AG (Kieliszewski, 2001). Additional studies have further refined the empirical rules for protein O-glycosylation in plants (Shimizu et al., 2005; Canut et al., 2016). While some prolyl 4-hydroxylase (P4H) isoforms have previously been implicated in the generation of contiguous Hyp residues in EXTs and with root hair formation (Velasquez et al., 2015), and virus induced gene silencing of P4H isoforms in Solanum lycopersicum suggested a growth controlling role of unidentified HRGPs (Fragkostefanakis et al., 2014), it is presently unclear if individual PH4 isoforms specifically act on EXT or AGP modules. At any rate, prolyl hydroxylation might act as one early acting mechanism in the determination of the position and extent of O-glycosylation.

Classical AGPs and short AG-peptides consist of a protein backbone that essentially contains a stretch of discontiguous Hyp residues mostly O-glycosylated by type II AG considerably varying in size and fine structure while hybrid AGPs such as fasciclin like AGPs (FLAs) and phytocyanin AGPs (PAGs, some of which are called early nodulin likes—ENODLs) contain additional protein domains. However, based on the occurrence of AGP modules, there might be an even larger variety of structurally diverse proteins that carry type II AG. A large proportion of the glycosylphosphoinositol-lipid anchored proteins (GPI-APs) of Arabidopsis thaliana either are AGPs, FLAs or PAGs or carry AGP modules in their protein sequence (Borner et al., 2002; Elortza et al., 2006). But also, many other secreted or plasma membrane proteins might by O-glycosylated. For instance, a simple sequence pattern suggested to lead to efficient arabinogalactosylation (Shimizu et al., 2005) occurs in nearly 1,200 secretory proteins1 of A. thaliana. Trans-membrane proteins such as receptor like kinases (RLKs) can carry both EXT modules and AGP modules. Accordingly named RLK families are proline-rich extensin-like receptor kinases (PERKs) and EXT-like RLKs (Shiu and Bleecker, 2003). Potential O-glycosylation motifs in the extracellular domain close to the trans-membrane region also exist in most Strubbelig family RLKs (Eyuboglu et al., 2007), in five members of the multifunctional Somatic Embryogenesis Related Kinase (SERKs) family (Li, 2010) and in individual representatives of many other RLK families and in other secreted protein families. However, there is no simple way to predict or experimentally determine O-glycosylation. Clearly, at present the O-glycoproteome is strikingly under-annotated.



Molecular Biology of Type II Arabinogalactan Biosynthesis

Consistently, the CAZy database of carbohydrate active enzymes (Henrissat et al., 2001) contains hundreds of orphaned both glycosyltransferases (GTs) and -hydrolases (GHs) many of which can be expected to act in protein O-glycan biosynthesis and remodelling, respectively. Still, the recent elucidation of the biosynthetic machinery of type II AG is a success story. Type II AG-biosynthesis requires enzymes to generate the necessary nucleotide sugars and GTs to specifically incorporate the sugars into the glycan. Most if not all A. thaliana genes encoding nucleotide sugar metabolic enzymes required for AGP biosynthesis are known (Seifert, 2004; Reiter, 2008; Bar-Peled and O’Neill, 2011) and as of now, at least eighteen different GT genes have been associated with type II AG biosynthesis (Knoch et al., 2014; Nguema-Ona et al., 2014; Showalter and Basu, 2016a; Li et al., 2017; Suzuki et al., 2017). For instance, eight family 31 glycosyltransferases (GT31) called GALT2 to -6 as well as HPGT1 to -3, catalyse the galactosylation of isolated Hyp residues on short peptides in vitro (Basu et al., 2013; Basu et al., 2015a; Basu et al., 2015b; Ogawa-Ohnishi and Matsubayashi, 2015; Showalter and Basu, 2016b). The backbone is further extended by β-1-3 galactosyltransferase, with the GT31 KNS4/UPEX1 which is required for pollen exine development (Suzuki et al., 2017) and another closely related GT31 locus showing activity in vitro (Qu et al., 2008). The GT31 and GT29 loci called GalT31A and GalT29A might cooperate to introduce and elongate the β-1-6 galactan branches (Dilokpimol et al., 2014). Various AGP specific galactosyl transferases are essential for processes such as embryogenesis, root elongation, salt tolerance, and seed coat mucilage formation. In addition, the ectopic expression of type II AG biosynthetic GalTs can have dramatic and complex developmental effects (Geshi et al., 2013; Qin et al., 2013; Basu et al., 2015a; Basu et al., 2015b; Ogawa-Ohnishi and Matsubayashi, 2015; Basu et al., 2016; Qin et al., 2016). The molecular mechanism of the modification of side chains by arabinofuranosyl residues is still elusive. Interestingly, the GT77 locus RAY1 which is related to the EXT specific β-1-3-arabinofuranosyl transferase XEG113 was proposed to generate a β-1-3-arabinosyl linkages on a Yariv reagent-precipitable polymer. The ray1 mutant displayed a reduction of arabinose in type II AG and showed abnormal growth. However, as was previously noted, arabinose in type II AG is α-linked and the precise biochemical role of RAY1 in AGP biosynthesis remains to be clarified (Showalter and Basu, 2016a). By contrast, several type II AG specific β-1-6-glucuronosyl transferases are included in family GT14—called GlcAT14-A, -B, and -C. The glcat14 single and multiple mutants in these three loci showed a variety of developmental defects as well a reduction of AGP-bound calcium (Knoch et al., 2013; Dilokpimol and Geshi, 2014; Zhang et al., 2020). Finally, two members of family GT34 called FUT4 and FUT6 redundantly acted in the α-1-2 fucosylation of type II AG (Liang et al., 2013; Tryfona et al., 2014). The fut4 fut6 double mutant showed a strong reduction in type II AG linked fucose, and oversensitivity to 150 mM NaCl compared to wild type controls. While the above mentioned studies show that type II AG structure depends on a series of biosynthetic reactions, recent data show that these O-glycans are also subject to remodeling in muro by glycoside hydrolases (GHs) such as exo-β-1-3-galactosidases (Nibbering et al., 2020), β-L-arabinopyranosidases (Imaizumi et al., 2017) and β-glucuronidase (Eudes et al., 2008). As described for mutants in loci coding for type II AG specific GTs, mutations in type II AG active GH loci caused aberrant growth phenotypes. The mechanism how type II AG structure affects development is unclear.

There exist several critical differences between N-linked and O-linked glycosylation. While N-glycosylation begins in the endoplasmatic reticulum (ER) as co-translational en bloc transfer of a preformed oligosaccharide that is subsequently modified in the Golgi, type II AG biosynthesis is entirely Golgi-localized and depends on the hydroxylation of specific prolyl residues in the cis-Golgi followed by galactosylation of isolated Hyp residues and sequential build-up of type II AG in subsequent Golgi compartments. In a recent proteomics study, several P4H isoforms were found the cis and medial Golgi compartment, while HPGT2 was localized in the medial Golgi (Parsons et al., 2019). Some type II AG biosynthetic enzymes such as AtGALT31A have also been colocalized with exocyst protein Exo70E2 in a novel compartment, a finding whose significance remains to be investigated (Poulsen et al., 2014). Additional complications in the secretion of AGPs are due to the fact that most of them are GPI-anchored and use a specific trafficking machinery (Baral et al., 2015; Muniz and Riezman, 2016; Lopez et al., 2019).



What is the Function of Type II Arabinogalactan O-Linked Glycans in Plants?

But what is the function of type II AG O-glycosylation? AGPs have been implicated in diverse biological functions (Showalter, 1993; Nothnagel, 1997; Sommer-Knudsen et al., 1998; Showalter, 2001; Seifert and Roberts, 2007; Ellis et al., 2010; Nguema-Ona et al., 2012; Lamport et al., 2014; Huang et al., 2016). The conspicuous labelling patterns and in vitro effects of type II AG-glycan specific monoclonal antibodies as well as the various dramatic effects triggered by Yariv reagents (Yariv et al., 1962; Kitazawa et al., 2013; Paulsen et al., 2014) have led to the notion that the function of an AGP is entirely based on a direct function of its glycan with the protein moiety only acting as a template for glycan attachment. In the case of classical AGPs and AG-peptides that merely consist of highly glycosylated but otherwise intrinsically disordered protein backbones attached to GPI-anchors this obviously must be true. An intriguing possibility of how AGPs might act via their O-glycans was revealed in an amazing analytical tour de force of Tan and coworkers (Tan et al., 2013). The APAP1/AGP57C protein was found as a minor AGP fraction secreted by suspension cells and the apap1 knock out mutants in A. thaliana showed a minor growth defect but substantial alterations in some cell wall polysaccharides’ compliance to sequential extraction. While the APAP1 backbone was unstructured apart from some AGP modules, and the core glycan structure resembled a typical AGP glycan it contained numerous novel crosslinks to both pectic rhamnogalacturonan I and hemicellulosic arabinoxylan (Figure 1C). This structure revealed that type II AG can be crosslinked to other cell wall polysaccharides and opened many intriguing questions such as the possibility that such crosslinks might be part of others AGPs.

Another example which showed that the glycan of an AGP was directly involved in its function was xylogen. This glycoprotein was biochemically isolated as a factor that induced tracheary element formation in Zinnia elegans cell cultures. Apart from three AGP modules and a GPI-anchor modification motif, xylogen contained a nonspecific lipid-transfer protein domain. In its active form, xylogen contained Hyp in its protein backbone and reacted with AGP-specific monoclonal antibodies as well as Yariv reagent. Chemical de-glycosylation of xylogen abrogated its in vitro inducive effect on transdifferentiation suggesting that the type II AG of xylogen was directly involved in its function (Motose et al., 2004), possibly by promoting or forming a ligand receptor interaction.

A remarkable effort to mechanistically define glycan function of classical AGPs has focused on the fact that many type II AGs contain glucuronic acid (Figure 1). According to this so called Ca2+-capacitor hypothesis, GPI-anchored classical AGPs can bind Ca2+ ions at a molar ratio of 1:1 per type II AG-subunit (Figure 1A) with a Kd of 5 µM and in a pH-sensitive fashion. Acidification of the apoplast was suggested to lead to a release of Ca2+ close to the plasma membrane to be available for import by Ca2+- channels and subsequent intracellular signaling. This hypothesis was employed to explain AGP function with respect to pollen tube growth and phyllotaxis and it was suggested as the mechanistic basis of the long standing acid growth theory (Lamport et al., 2014; Lamport et al., 2018; Lamport et al., 2020). On the one hand, the very low resting level of Ca2+ in the cytosol (ca. 0.2 µM) compared to much higher apoplastic levels and the Ca2+-storage capacity of vacuoles seemingly speaks against the requirement of a biosynthetically expensive extracellular Ca2+-reservoir. Furthermore, the model seems to under-emphasize the important controlling role of plasma membrane Ca2+ channels. On the other hand, a plasma membrane linked capacitor might not necessarily buffer against global apoplastic Ca2+-deficiency but rather provide an unstirred layer of Ca2+ ions, readily available for intracellular signaling at a relatively constant level (Gilliham et al., 2011). Moreover, the Ca2+-capacitor hypothesis does not exclude any other roles of type II AG. At any rate, the Ca2+-capacitor hypothesis is so far supported at the genetic level by mutant plants lacking several type II AG specific glucuronyl transferases (Knoch et al., 2013; Dilokpimol and Geshi, 2014; Lopez-Hernandez et al., 2020; Zhang et al., 2020).

A very productive area of AGP-related research is floral development and sexual reproduction (Pereira et al., 2016a; Su et al., 2020). Some classical AGPs and AG-peptides are required for normal pollen tube growth (Levitin et al., 2008; Pereira et al., 2016b) and in the light of the Ca2+-capacitor hypothesis it would be interesting to test if the pollen tube phenotype previously observed in triple mutants lacking some of the type II AG specific glucuronyl transferases (Zhang et al., 2020) is modulated by external Ca2+ levels. However, sometimes the glycan does not seem to be directly involved in the function of an AGP. Here one can quote another recent example for AGPs acting in sexual reproduction. It was shown that several PAGs from A. thaliana called early nodulin-like peptides (ENODLs11 to -15) acted in female guidance of the pollen tube and in sperm release. The receptor kinase FERONIA (FER) was previously shown to act in the same process and, intriguingly, ENODL14 physically interacted with FER. Significantly, this interaction took place in heterologous assays in yeast and Escherichia coli and thus did not require glycosylation of the AGP modules (Hou et al., 2016). In line with this finding, a protein from cotton named GhPLA1 that was highly homologous to ENODL14 stimulated somatic embryogenesis independent of its glycan also arguing against a direct role of the type II AG for the signaling function of this group of AGPs (Poon et al., 2012). This contrasted with another study on female to male signalling in flowers that showed that the type II AG fragment 4-Me-GlcA-β(1,6)-Gal termed AMOR was biologically active in determining pollen tube competence. It is not clear, however, whether AMOR, a common structure in type II AG (Figure 1B), is derived from an ENODL or any other of the many AGPs expressed in flowers (Mizukami et al., 2016). In a fine glycobiological structure to function study it was shown that methylation, anomeric beta form and (1-6) linkage as well as a pyranose (irrespective the sugar) at the reducing end of the disaccharide were essential for AMOR function (Jiao et al., 2017). However, a larger number of Gal residues at the reducing end did not reduce activity (Mizukami et al., 2016), hence the AMOR disaccharide might in principle also act as the terminal part of a larger glycan structure either released from or as integral part of an AGP.

Studying single and multiple mutants in AGP protein backbone encoding genes can be genetically specific but this approach does not allow to derive any glycan-specific roles because it cannot be excluded that other AGP protein backbone encoding genes that are still expressed in the mutants carry the same or different O-glycans. Hence complementary to that approach, mutant models defective in AGP-glycosylation have recently been established. Mutants in the A. thaliana UDP-GLUCOSE 4-EPIMERASE 4 (UGE4) locus (Seifert et al., 2002) defective in the de novo biosynthesis of UDP-D-galactose, showed a quantitative reduction and qualitative alteration of AGPs (Ding and Zhu, 1997; Andeme-Onzighi et al., 2002; Nguema-Ona et al., 2006). The uge2 uge4 double mutant showed a severe general growth phenotype for which defective glycosylation of AGPs might be responsible (Rösti et al., 2007). While the phenotypic similarity between Yariv-treated roots (Willats and Knox, 1996; Ding and Zhu, 1997) and uge4 mutants was intriguing, mutants in nucleotide sugar metabolism can affect many different biopolymers and type II AG specific GT mutants promised higher specificity. The GALT2 and -5 and the HPGT1 to -3 showed in vitro activity to galactoslate AGP module-like Hyp containing peptides. Single mutants, in all five loci showed a reduction in the content of Yariv reagent-precipitated AGPs by 11 to 42%, while galt2 galt5 double mutants, showed a 58% reduction (Basu et al., 2013; Basu et al., 2015a; Basu et al., 2015b) and the hpgt1 hpgt2 hpgt3 triple mutant showed a reduction by more than 70% (Ogawa-Ohnishi and Matsubayashi, 2015). In principle, the reduced content of AGPs in the above cited studies can be explained by the way AGPs are binding to Yariv reagent in vitro via the β-1-3-galactan chains in their O-glycans (Kitazawa et al., 2013; Paulsen et al., 2014). However, another explanation for the observed reduction could be a role of galactosylation for the stability and lifetime of AGPs in vivo. While not a phenocopy of Yariv treatment, both the galt2 galt5 double mutant and the hpgt1 hpgt2 hpgt3 triple mutant displayed a root and seed coat mucilage phenotype apparently identical to salt overly sensitive5 (sos5-1), a mutant in the FASCICLIN LIKE ARABINOGALACTAN PROTEIN 4 (FLA4) locus (Johnson et al., 2003). The sos5-1 mutant had been previously identified in a mutant screen for salt oversensitive root growth (Shi et al., 2003) and was subsequently found to act in a linear genetic pathway with two redundantly acting leucine-rich receptor kinases (LRR-RLK) named FEI1 and FEI2 (Xu S. L. et al., 2008). Apart from displaying slightly stunted root growth and massive root growth defects at elevated levels of sugar or salt, both sos5 and fei1 fei2 showed a seed coat mucilage adhesion defect that interacted non-additively with mutants causing aberrant mucilage pectin structure (Griffiths et al., 2014; Griffiths et al., 2016). The genetic interaction between sos5 and fei1 fei2 might in principle suggest that FLA4 and the FEI proteins directly interact in a membrane localized complex. However, apart from in silico docking (Turupcu et al., 2018), experimental evidence for colocalization of FLA4 and the FEIs in vivo or their physical interaction in vitro is presently lacking. When the genetic interaction between the Hyp-specific galactosyltransferase mutants galt2 galt5 and hpgt1 hpgt2 hpgt3 on the one hand and sos5 and fei1 fei2 on the other hand was tested it was found that the transferase mutants acted non-additively with both sos5 and fei1 fei2 suggesting a linear genetic pathway (Basu et al., 2016). This fascinating finding suggested that glycosylation of AGPs is required for the genetic function of SOS5 and FEI1 FEI2 (Basu et al., 2015b; Ogawa-Ohnishi and Matsubayashi, 2015; Basu et al., 2016; Showalter and Basu, 2016b). In principle this notion complies with the model proposed by Showalter and coworkers (Basu et al., 2016) in which FLA4 and the FEI RLKs form a signaling complex with the type II AGs of FLA4 essential for FEI signaling (Figure 2A).




Figure 2 | Hypothetical functions of O-glycans of FLA4 in trafficking and receptor binding. Three potential scenarios that might explain recent genetic and cell biological observations. (A) The O-glycan (yellow) might be required for interaction between FLA4 (green) and FEI receptor kinases (blue). (B) In the secretory pathway the O-glycan might be checked by a system of different cargo receptors (red) that either bind fully or incompletely O-glycosylated FLA4 and their cytosolic adaptors (purple). While the fully glycosylated FLA4 molecules are rapidly transported to the cell surface via exocytosis, the hypoglycosylated species are targeted for destruction to the vacuoles via multivesicular bodies. (C) Full O-glycosylation might stabilize FLA4 at the cell surface and as binding partner for receptor kinases while its apoplastic remodeling by glycanases (pink) might make the protein competent to be recruited by endocytotic cargo receptors. The number and identity of the involved molecular components are unknown and despite their colorful depiction, the symbols for receptors and cytosolic adaptors represent “black boxes” at the moment.



However, while this model clearly fits the genetic data, the presently available molecular and cell biological data are also explained by an alternative model, as explained below. In order to study the localization and intracellular trafficking of a functional hybrid AGP, we have generated a fluorescent protein-tagged FLA4-citrine (F4C) which fully complemented the sos5 mutant alleles. In contrast to classical AGPs, FLA4 lacks typical (XP)n≥2 repeats in its sequence. However, we showed that F4C carries the type II AG specific O-glycan epitopes reacting with the JIM13 and LM14 monoclonal antibodies (Xue et al., 2017). The precise position and structure of FLA4’s O-glycan remain to be determined, however, to investigate its functional role all the clustered proline residues that were candidates for O-glycosylation were replaced by alanine residues. This manipulation resulted in strongly reduced reactivity of the protein with with LM14 and abolished JIM13 labelling which indicated that most of the type II AG was absent from the mutated protein. This led to dramatically altered protein localization of F4C. The “wild type” F4C that contains six and four clustered proline residues in its central and its C-terminal proline-rich domain, respectively, was predominantly localized at the plasma membrane from where it was partially released to the apoplast, and it also underwent endocytosis and recycled to the plasma membrane. By contrast, the F4C_P1234A probe in which these clustered proline residues were replaced by alanine residues was mostly located in intracellular compartments reactive with molecular markers of the endosome/trans Golgi network and the pre-vacuolar compartment. Moreover its overall abundance was strongly reduced (Xue et al., 2017). Importantly however, the F4C_P1234A construct fully complemented the sos5 mutant suggesting that FLA4 did not require its proline-rich domains for genetic function. In combination, the genetic and cell biological observations are compatible with an important role of the FLA4 O-glycans for correct intracellular trafficking and protein lifetime. Hypothetically, the degree of type II AG modification of FLA4 might decide between passage to the plasma membrane of a highly glycosylated protein or degradation in the lytic vacuole of a hypoglycosylated form (Figure 2B). As FLA4 is normally expressed at a low level then the O-glycan-dependent degradation might completely block its passage to the plasma membrane and prevent the speculative interaction between the globular Fas1 domains of FLA4 with the FEI ectopic domain (Turupcu et al., 2018). Overexpression of FLA4 might lead to a bypass of hypoglycosylated protein to the plasma membrane. This scenario would explain both the linear genetic interaction between the glycosylation mutants and sos5 or fei1 fei2, and the complementation of sos5 by hypoglycosylated FLA4.

While the type II AG is a relatively minor part of the FLA4 holoprotein, the AG peptide AtAGP21 consists of nothing but a heavily O-glycosylated (i.e. a 25-30 kDa type II AG on each of the three Hyp residues) 12-aa peptide attached to a GPI anchor. AGP21, fused to a fluorescent protein-tag was efficiently targeted to the plasma membrane and the apoplast. Similar to FLA4, a proline to alanine mutant version of YFP-AGP21 was not only much less abundant but also was mostly retained in the cytoplasm (Borassi et al., 2020). However, it did not complement the agp21 root hair phenotype. So, O-glycosylation of AGPs is required for both correct signalling and plasma membrane localization of endogenous proteins. Type II AG might also affect partitioning of GPI-anchored proteins between the plasma membrane and plasmodesmata, because YFP fused to the GPI-anchor signal from AGP4, was efficiently targeted to plasmodesmata, but the inclusion of an AGP module (SPAPS) immediately preceding the GPI-modification signal of AGP4 led to a partial distribution to plasma membrane outside plasmodesmata (Zavaliev et al., 2016). Apparently, type II AG might not only act as Ca2+-reservoir at the plasma membrane, as crosslinkers in the cell wall matrix or as source of apoplastic oligosaccharide signals, they might also regulate intracellular trafficking between the plasma membrane and vacuolar degradation. I speculate that there might be a cellular checkpoint for O-glycosylation in a post-Golgi compartment, potentially the endosomal/trans Golgi network compartment sometimes termed sorting endosome (Figure 2B). This machinery might recognize structures in misfolded or insufficiently O-glycosylated protein regions and shuttle them towards vacuolar degradation. However, alternatively, the presence of type II AG might provide a positive signal for secretion. Evidence that this might be the case came from the expression of recombinant artificial and heterologous AGPs.

Artificial AGP genes were initially generated to investigate glycomodules leading to different types of O-glycosylation. SynAGPs typically consisted of secreted GFP fused to variable (XP)n≥2 repeats. However, it was soon realized that AGP modules as short as the SPSP tetrapeptide, introduced into non-plant proteins such as GFP, interferon α2b or human growth hormone, dramatically increased secretion of the recombinant proteins compared to their unmodified precursors (Estevez et al., 2006; Xu et al., 2007; Xu J. et al., 2008; Xu and Kieliszewski, 2011). To cite a recent addition to these studies, the effect of long EXT modules and AGP modules on the secretion of GFP was tested in hairy root cultures (Zhang et al., 2019). Fusion of either type of glycomodule to GFP resulted in a more than 50-fold higher presence of O-glycosylated GFP fusion protein compared to non-glycosylated GFP in supernatants of 12-day old cultures. From kinetic observations, the authors concluded that EXT-type O-glycosylation might be a slower process than AGP-type O-glycosylation and in consequence more rate limiting for secretion. Interestingly, nitrogen depletion led to a dramatic increase of glycosylation of the AGP modules. When such observations made with fluorescent protein fusion constructs are extrapolated to endogenous AGPs they suggest that developmental or environmental control of type II AG biosynthesis might influence the cellular fate of many AGPs. Hence, type II AG might directly interact with other macromolecules acting in a structural-mechanical network together with other cell wall biopolymers, they might act in signaling, either as part of the glycoprotein they are attached to or as small glycan fragment. However, type II AG attached to hybrid AGPs such as FLA4 might also act indirectly by controlling intracellular trafficking and stability of the apoprotein. Because very little about the latter possibility is known in plant cell biology I will describe several scenarios from other kingdoms where O-glycosylation affects protein fate.



O-Glycosylation Controls Protein Fate in Animals and Fungi

In all eukaryotes, O-glycans have been associated with many different biological functions. Here, I will focus on the involvement of O-glycans in the control of protein fate in animals and yeast. In mammals, many proteins are modified by GalNAc containing mucin-type O-glycans (Hansen et al., 1998) using a Golgi localized set of glycosyltransferases (Burchell et al., 2018; Steentoft et al., 2019). Mucin-type O-glycans were implicated in proteolytic activation and deactivation of glycoproteins such as peptide hormones, LDL-receptor, A disintegrin, and metalloprotease 17 (ADAM17), G protein coupled receptor and copper transporter [reviewed in (Schjoldager and Clausen, 2012)]. For instance, two O-glycans on peptidylglycine α-amidating monooxygenase (PAM) from rat controlled cleavage of a nearby furin protease recognition site. O-glycosylated PAM was localized in multivesicular bodies while the nonglycosylated form was rapidly degraded, implicating O-glycans in the recruitment of cargo into the endosomal pathway (Vishwanatha et al., 2016). Moreover, O-glycosylation controlled proteolytic events such as the down-regulation of the human fibroblast growth factor 23 (Tagliabracci et al., 2014) or the shedding of interleukin-2 receptor (Karabasheva et al., 2014). It should however be noted that a role of a glycan in protein fate control does not exclude additional roles of the same glycan, e.g. signalling. This is exemplified by the human peptide hormone atrial natriuretic peptide that was both stabilized in vivo by O-glycosylation as well as made to bind with higher affinity to its cognate receptor called natriuretic peptide receptor B (Hansen et al., 2019). In Saccharomyces cerevisae, O-linked mannosides protected several GPI-anchored proteins against the action of GPI-anchored aspartate proteases Yps1p/2p and it was suggested O-mannosylation might represent a dominant factor determining the stability of membrane proteins against proteolytic shedding activities (Dube et al., 2015). The large variety of yeast O-mannosylated proteins including 78% of all GPI-anchored proteins suggests an important regulatory role of O-glycosylation for many pathways (Neubert et al., 2016). This observation is intriguing because also in plants, many GPI-anchored proteins are predicted to carry type II AG (Borner et al., 2002). When the effect of O-mannosylation on protein fate was systematically tested for 137 (non GPI-anchored) S. cerevisiae proteins, 39 were found to be either stabilized or destabilized in mannosylation defective mutants (Castells-Ballester et al., 2018). This indicated that defective protein O-mannosylation does not indiscriminately lead to protein degradation but that this modification plays an active part in regulating protein fate during environmental stress and development. However, the potential analogy between O-mannosylation in yeast and AG-glycosylation in plants is limited by the fact that the former is initiated in the ER while the latter is a Golgi specific process. Hence, the mechanics of O-glycosylation dependent protein lifetime control might be different in these two kingdoms.

In addition to, and sometimes as a consequence of, altering protein maturation and turnover, O-glycosylation also affects the intracellular trafficking and localization of proteins. The resistance of secretion factor Tango1 from Drosophila melanogaster towards degradation by furin protease Dfur2 depended on its O-glycosylation, which in turn regulated the secretion of the adhesion protein Tiggrin (Zhang et al., 2010; Zhang and Ten Hagen, 2011; Zhang et al., 2014). In mice lacking an enzyme that initiates O-glycosylation, extracellular matrix components such as collagen and laminin failed to be secreted and instead, accumulated in the ER (Tian et al., 2012). In another study, the degree of GalNac O-glycosylation of the trans-membrane protein MUC1 determined the rate of its endocytosis in chinese hamster ovary cells, with higher rates of endocytosis and degradation experienced by the under-glycosylated form (Altschuler et al., 2000) and O-glycan remodelling of MUC1 in the recycling endosome of human epithelial kidney cells and breast cancer cells was suggested to control its subsequent fate (Razawi et al., 2013). Because of the many different GalNac-transferase encoding genes, it has been suggested that tissue- and substrate-specific O-glycosylation might be an important aspect of controlling the composition of the proteome of animal cells (Schjoldager and Clausen, 2012). It is intriguing to speculate that the multitude of GT31 genes in the A. thaliana genome, several of which have already been linked with type II AG biosynthesis, suggests functional analogy between the phylogenetically diverged O-glycosylation events in different kingdoms. The observation that synthetic AGPs are differentially O-glycosylated in various tissues supports this suggestion (Estevez et al., 2006). Compared to the relatively small branched mucin type glycans, linear glycosyaminoglycans (GAGs), that decorate mammalian proteoglycans, can well exceed hundreds of sugar subunits. The striking effects of GAG modification on protein export rate, polar sorting, regulated secretion, and sorting at the plasma membrane have recently been reviewed (Mihov and Spiess, 2015). To give an example, the amyloid precursor protein exists in both GAG-modified and -unmodified forms due to alternative splicing. Compared to the non-glycosylated form, that predominantly was targeted to the lysosome, the GAG-modified form was rapidly transported to the surface of human HeLa cells without lag (Mihov et al., 2015), an effect strikingly reminiscent of the increased secretion rate of O-glycosylated AGP21 and synthetic O-glycosylated recombinant proteins compared to non-glycosylated variant in plants (see above). The mechanism of how GAG modification affects trafficking remains to be elucidated but either the participation of cargo receptors or biophysical effects have been speculated to be involved (Mihov and Spiess, 2015).



Conclusion and Perspectives

To summarize, in animals, in yeast and in plants, O-glycans are likely to be implicated in the regulation of proteolytic processing and sub-cellular targeting of numerous important glycoproteins, however, irrespective of the model system, a role for a particular glycan in protein fate control does not preclude additional functional roles of the same glycan such as supermolecular crosslinkers, cation reservoirs or as receptor ligands. In fact, multiple roles might coexist in order to prevent spurious effects of a signaling molecule (Figure 2C). While the field of N-glycosylation has strongly profited from inter-kingdom conservation, O-glycosylation research in plants can only draw analogies between different kingdoms and therefore we are still at a very early stage in our understanding of how this type of post-translational modification might act in the control of protein fate. One of the crucial questions with respect to elucidating the role of type II AG for protein fate is the identification of the sorting mechanisms that distinguish between different glyco- or aglycoforms of hybrid AGPs. The first hard challenge is the identification of cargo receptors involved in the process by genetic or biochemical approaches. Because type II AG is generated in the Golgi, the most likely localization of such receptors should be the trans-Golgi network also termed sorting endosome. Some cargo receptors are known to act in a lectin-like fashion such as the textbook example of the mannose-6-phosphate receptors (MPR) that recognize mannose-6-phosphate modified N-glycans on hydrolases at the trans-Golgi network to facilitate their transport into the lysosome (Castonguay et al., 2011). Another example of a lectin like secretory cargo receptor is mammalian ERGIC-53 that acts in the transport of N-glycosylated proteins from the ER to the Golgi (Hauri et al., 2000). However, so far, no O-glycan specific sorting receptors nor the identity of the involved cytosolic adaptor complexes are known in plants. Another possibility is that a low degree or absence of O-glycosylation might increasingly expose the intrinsic disorder in proline-rich regions (Shafee et al., 2020). Because intrinsically disordered protein regions are known to undergo a variety of molecular interactions in a fuzzy or plastic way (van der Lee et al., 2014), these regions might be recognized by novel cargo receptors. In conclusion to elucidate the potential role of type II AG modification for protein fate is an exciting new challenge for plant cell biology.
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Footnote

1Using the Patmatch tool of TAIR and a database of GO terms (TAIR10, GO terms extracellular, plasma membrane, cell wall), the motif [AVSTG]Pro[AVSTGA][GAVPSTC][APSDE] (where Pro is the modification site), is found in 1191 predicted A. thaliana loci (GJ Seifert, unpublished data-mining).
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More than 200 diverse secretory proteins from Arabidopsis thaliana carry a glycosylphosphatidylinositol (GPI) lipid anchor covalently attached to their carboxyl-terminus. The GPI-anchor contains a lipid-linked glycan backbone that is preassembled in the endoplasmic reticulum (ER) of plants and subsequently transferred to distinct proteins, which provides them with specific features. The GPI-anchored proteins exit the ER and are transported through the Golgi apparatus to the plasma membrane. In the Golgi, the glycan moiety can be further modified by the specific attachment of sugar residues. While these biosynthetic steps are already quite well understood in mammals and yeast, comparatively little is known in plants. In this perspective, we discuss the current knowledge about the biosynthesis of the GPI-anchor glycan moiety in the light of recent findings for mammalian GPI-anchor glycan modifications.

Keywords: posttranslational modification, mannose, glycosyltransferase, glycosylation, endoplasmic reticulum, glycosylphosphatidylinositol


INTRODUCTION

The attachment of glycosylphosphatidylinositol (GPI) is a common posttranslational modification for anchoring of proteins to the outer surface of the plasma membrane in eukaryotes. The conserved GPI moiety is composed of ethanolamine phosphate (EtNP), a conserved core glycan and phosphatidylinositol. The core glycan consists of three mannoses (Man) and one glucosamine (GlcN) residue that are linked to EtNP and phosphatidylinositol forming the GPI backbone structure EtNP-6Manα1-2Manα1-6Manα1-4GlcNα1-6myo-inositol-phospholipid (Kinoshita and Fujita, 2016; Liu and Fujita, 2020; Figure 1). Proteins destined to be GPI-anchored are translocated into the lumen of the endoplasmic reticulum (ER), the GPI attachment signal peptide at the C-terminus is cleaved off and the preassembled GPI is transferred en bloc to the last amino acid of the C-terminus called the ω site. The transfer is mediated by the GPI transamidase, a multi-subunit complex comprising five proteins. The attachment of GPI results in anchoring of the protein to the outer leaflet of the lipid bilayer. The modification with a GPI-anchor confers specific properties on proteins, such as efficient ER exit, sorting to the plasma membrane and association with specific membrane microdomains (Sikorska et al., 2016). In Arabidopsis thaliana, multiple protein families have been predicted by bioinformatic analysis to carry a GPI-anchor (Borner et al., 2002; Eisenhaber et al., 2003), and approximately 200 GPI-anchored proteins have been identified by different proteomics approaches (Borner et al., 2003; Elortza et al., 2006; Takahashi et al., 2016). Proteins that carry a GPI-anchor include the multi-copper oxidase-related protein SKU5 (Sedbrook et al., 2002), COBRA family proteins (Schindelman et al., 2001; Roudier et al., 2005; Brady et al., 2007), lipid-transfer proteins (LTPGs; Debono et al., 2009), and arabinogalactan proteins (AGPs; Oxley and Bacic, 1999; Shi et al., 2003; Xue et al., 2017). For a more comprehensive list of potential GPI-anchored proteins and phenotypes associated with mutants see recent reviews (Yeats et al., 2018; Zhou, 2019). Here, we focus on the biosynthesis of the GPI-anchor core glycan moiety and potential side chain modifications.

[image: Figure 1]

FIGURE 1. (A) Structure of the conserved glycosylphosphatidylinositol (GPI)-anchor backbone. (B) Biosynthesis of plant GPI precursor in the endoplasmic reticulum (ER). The biosynthesis is a stepwise process initiated at the cytoplasmic side of the ER by the GPI-GlcNAc-transferase (GPI-GnT) multiprotein complex (SETH1, SETH2, PIG-H, PIG-P, PIG-Q, PIG-Y, and DPM2). The GlcNAc is de-N-acetylated by PIG-L and GlcN-PI flips to the luminal side of the ER. GPI mannosyltransferases PNT1 (homolog of mammalian PIG-M), PIG-V and ATPG1 (homolog of mammalian PIG-B) attach the three mannose (Man) residues to the backbone, which is further modified by attachment of ethanolamine phosphate (EtNP). The assembled precursor is transferred en bloc by the GPI transamidase complex (PIG-K, GPAA1, PIG-S, PIG-T, and PIG-U) to proteins. In addition to the bridging EtNP, one or two additional EtNP may be transferred to mannose residues by specific GPI-EtNP transferases that are present in Arabidopsis thaliana (Ellis et al., 2010; Luschnig and Seifert, 2011).




GPI-ANCHOR GLYCAN BIOSYNTHESIS IN MAMMALS AND YEAST

In mammalian cells, at least 150 proteins at the plasma membrane are attached to the cell surface by GPI-anchors and GPI-anchoring is essential for many biological processes including embryogenesis, fertilization, or the immune system (Kinoshita and Fujita, 2016). In Saccharomyces cerevisiae, more than 60 GPI-anchored proteins have been identified and GPI biosynthesis is required for the growth of yeast (Leidich et al., 1994). During biosynthesis and after attachment to proteins, the structures of lipid and glycan moieties from GPI-anchors are remodeled in the ER and in the Golgi apparatus.

Glycosylphosphatidylinositol biosynthesis is initiated at the cytosolic side of the ER by the transfer of GlcNAc from the nucleotide sugar UDP-GlcNAc to inositol to generate GlcNAc-PI (Figure 1). This step is catalyzed by the GPI-GlcNAc-transferase (GPI-GnT), a complex consisting of seven protein subunits in mammalian cells. GlcNAc-PI is de-N-acetylated to GlcN-PI by the deacetylase PIG-L, and GlcN-PI is flipped to the luminal side by an unknown process. In the ER lumen, GlcN-PI is acylated by the acyltransferase PIG-W and the lipid moiety is remodeled to generate GlcN-(acyl)PI. In the next step, the GPI α1,4-mannosyltransferase PIG-M and the GPI α1,6-mannosyltransferases PIG-V catalyze the sequential transfer of two Man residues to GlcN-(acyl)PI (Maeda et al., 2001; Kang et al., 2005). PIG-B, another GPI α1,2-mannosyltransferase, transfers the third mannose to generate Manα1-2Manα1-6Manα1-4GlcN-(acyl)PI (Takahashi et al., 1996). A GPI-EtNP-transferase transfers the so-called bridging EtNP that connects the protein and the glycan to the third mannose to generate EtNP-6Manα1-2Manα1-6Manα1-4GlcN-(acyl)PI (Kinoshita and Fujita, 2016). Two additional side-branch EtNPs are added to the first and second mannose residues. While the EtNP transfer to the first mannose takes place after the transfer of the second mannose, the modification of the second mannose with EtNP likely happens after the attachment of the bridging EtNP. The resulting structure is competent for transfer to proteins, but can be further modified by the attachment of a fourth mannose residue catalyzed by the GPI α1,2-mannosyltransferase PIG-Z. Like the ER-resident mannosyltransferases (ALG3, ALG9, and ALG11) involved in the assembly of the oligosaccharide precursor for N-glycosylation, all four GPI mannosyltransferases are multiple transmembrane proteins and use dolichol-phosphate-mannose (Dol-P-Man) as donor substrate. PIG-B and PIG-Z are like ALG9 and ALG12 members of CAZy family GT22. PIG-V which is distantly related to STT3, the catalytic subunit of the oligosaccharyltransferase complex, belongs to family GT76 (Kang et al., 2005). PIG-M is distantly related to ALG3 (GT58) and belongs to GT50 (Oriol et al., 2002). All these enzymes use dolichol-linked donor substrates and have 11–14 membrane spanning helices and conserved residues in luminal loops (Albuquerque-Wendt et al., 2019).

In yeast, an α1,2-linked mannose is attached to the third mannose and this modification is an essential biosynthetic step in the assembly of yeast GPIs (Grimme et al., 2001). This mannosylation step takes place in the ER and precedes the attachment of the bridging EtNP. In mammals, some GPI-anchored proteins have also a fourth mannose residue in the same position that is transferred by PIG-Z (Taron et al., 2004; Hirata et al., 2018). In addition, the first mannose residue of mammalian GPI-anchors is often modified with N-acetylgalactosamine (GalNAc). In contrast to the previously mentioned glycosylation reactions, this step takes place in the Golgi apparatus and is catalyzed by the GPI GalNAc-transferase PGAP4 (Hirata et al., 2018). This enzyme uses UDP-GalNAc as donor substrate. The GalNAc side chain may be further elongated by incorporation of β1,3-linked galactose and α2,3-linked sialic acid. The Golgi-resident galactosyltransferase B3GALT4 catalyzes the transfer of a galactose from UDP-galactose to the side chain GalNAc residue (Wang et al., 2020). The GPI sialyltransferase was not identified yet, but recently it was found that in prion protein the sialic acid N-acetylneuraminic acid (Neu5Ac) is present in α2,3-linkage (Kobayashi et al., 2020).



GPI-ANCHOR CORE GLYCAN BIOSYNTHESIS IN PLANTS

In contrast to mammals and yeast, our knowledge about the different biosynthetic steps involved in the assembly of the GPI core glycan and possible side chain formations is limited (Yeats et al., 2018). Based on sequence comparison, Arabidopsis SETH1 and SETH2 have been identified as homologs of subunits PIG-C and PIG-A of the GPI-GnT complex (Lalanne et al., 2004). Disruption of SETH1 or SETH2 affects pollen germination and tube growth suggesting a role of GPI-anchored proteins in pollen function. PEANUT1 (PNT1) is the Arabidopsis homolog of PIG-M involved in the first mannosylation step (Gillmor et al., 2005; Figure 1). The pnt1 mutant is embryo lethal, displays defects in cell wall biosynthesis and GPI-anchored proteins like SKU5 or COBRA are absent or strongly reduced in pnt1 embryos or callus. Mammalian PIG-M forms a complex with PIG-X, which stabilizes the catalytic subunit PIG-M (Ashida et al., 2005). The Arabidopsis PIG-X homolog (At5g46850) has not been characterized but likely has a similar function. An Arabidopsis PIG-X knockout could display a less severe phenotype than pnt1 because PIG-M expression is not completely abolished in mammalian cells lacking PIG-X (Ashida et al., 2005). Arabidopsis lines lacking PIG-V, the GPI mannosyltransferase catalyzing the transfer of the second mannose, have not been described and PIG-V has not been biochemically characterized. Like pnt1, a complete PIG-V knockout will block the biosynthesis of the GPI backbone and is thus likely embryo lethal. Arabidopsis ABNORMAL POLLEN TUBE GUIDANCE1 (APTG1) can functionally replace the yeast PIG-B homolog that transfers the third mannose to the GPI precursor (Dai et al., 2014). In line with the essential function in plants, the aptg1 mutant showed embryo lethality. APTG1 is an integral membrane protein located in the ER and plants with disrupted APTG1 expression display mislocalization of GPI-anchored proteins. Together these studies provide a clear and consistent insight into the enzymes involved in the core glycan biosynthesis and their biological function in plants.



SIDE CHAIN MODIFICATIONS IN PLANTS

The complete chemical structure of a mammalian GPI-anchor was published in 1988 (Homans et al., 1988). In plants, only one study reported the structure of a GPI-anchored protein (Oxley and Bacic, 1999). The GPI-anchor of an AGP isolated from Pyrus communis suspension cells has a glycan core that is identical to the one from mammals and yeast. Instead of a GalNAc at the same position, the first mannose of the core glycan was partially modified with a β-linked galactose.

To see if the presence of the β-linked galactose is common in plants, we transiently expressed RFP fused to the C-terminal GPI attachment signal peptide from Arabidopsis COBRA transiently in Nicotiana benthamiana leaves or in transgenic Arabidopsis (Strasser et al., 2005), purified the GPI-anchored RFP-COB1 reporter protein and subjected the PI-PLC released C-terminal tryptic peptide to LC-ESI-MS/MS analysis (Kolarich and Altmann, 2000) (Figure 2). RFP-COB1 was present in the plasma membrane and MS-spectra of the terminal peptide from the two different plant species were obtained. The MS-analysis revealed masses in both species corresponding to the presence of the GPI core backbone without any additional side chain EtNP modifications. The presence of the respective EtNP transferases in the Arabidopsis genome (Ellis et al., 2010; Luschnig and Seifert, 2011) suggests that this modification is removed during the remodeling of the GPI-anchor rather than being absent in plants. In mammalian cells, the side chain EtNP is removed by the phosphoesterase PGAP5 (Fujita et al., 2009). While yeast contain two PGAP5 homologs (CDC1 and TED1), there is one (At1g53710) so far uncharacterized PGAP5 homolog in Arabidopsis. Structures composed of four hexoses were detected in RFP-COB1 from A. thaliana (Figure 2) and N. benthamiana (Supplementary Figure S1), which is consistent with the three sequential mannoses in the core glycan. The fourth hexose is a side chain modification that is likely the previously described β-linked galactose. Alternatively, the hexose could be a mannose residue α-linked to the third mannose that has been described in yeast and mammals. When, we digested the peptide from RFP-COB1 with a β-galactosidase, a single hexose (mass ∆162) was quantitatively removed from the Arabidopsis derived peptide (Figure 2). For the peptide from N. benthamiana, we performed an additional α-mannosidase digestion because the β-galactosidase treatment did not fully remove the hexose (Supplementary Figure S2). The α-mannosidase treatment did not alter the glycan composition of the GPI-anchor suggesting that the fourth hexose is a galactose. It seems likely that the galactose is bound in β1,4-linkage because the galactosidase used for the digestion exhibits high specificity for this type of linkage (Zeleny et al., 1997). Closer investigation of the MS/MS-spectra of RFP-COB1 subjected to β-galactosidase treatment revealed that the mass corresponding to GlcN-PI+2xHex was absent when compared to the mock incubated control, indicating that the galactose is bound to the GlcN-linked mannose (Supplementary Figure S3). These findings are consistent with the structure from AGP isolated from pear cells (Oxley and Bacic, 1999) indicating that attachment of a single galactose in β-linkage is a common side chain formation of the GPI core glycan in plants.

[image: Figure 2]

FIGURE 2. (A) LC-ESI-MS/MS analysis of the C-terminal peptide from RFP-COB1. RFP-COB1 was expressed in A. thaliana seedlings, captured by binding to RFP-Trap resin and subjected to PI-PLC and trypsin digestion. (B) RFP-COB1 is found at the plasma membrane. RFP-COB1 was transiently expressed in Nicotiana benthamiana leaf epidermal cells and analyzed by confocal microscopy. (C) LC-ESI-MS analysis of β-galactosidase digested GPI-anchor derived from A. thaliana expressed RFP-COB1. (D) The transferred GPI backbone is further modified by different enzymes, including inositol deacylation, the remodeling of the lipid portion (depicted by the change in color from black to red in the illustration) and the EtNP removal, which is likely required for recognition by p24 cargo receptor proteins and efficient ER exit. In the proposed model, the plant-specific side chain modification is transferred in the Golgi by an unknown β-galactosyltransferase (GALT).




DISCUSSION

The detection of a single hexose as GPI side chain modification raises several questions: which glycosyltransferase catalyzes this step, which donor substrate is used in the reaction and in which subcellular compartment is the side chain modified. The glycosyltransferase family CAZy GT22 (α1,2-mannosyltransferases) contains only three Arabidopsis proteins. APTG1, the only homolog of PIG-B and the two enzymes (ALG12 and ALG9) involved in the assembly of the lipid-linked oligosaccharide precursor for N-glycosylation. The lack of a PIG-Z homolog in plants (Ellis et al., 2010; Luschnig and Seifert, 2011) is consistent with the absence of a fourth mannose residue attached to the GPI glycan core in the ER unless APTG1 transfers a second mannose residue as it has been suggested for PIG-B (Wang et al., 2020). Many ER-resident glycosyltransferases are integral membrane proteins that use dolichol-phosphate-linked sugars as donor substrate. A Dol-P-galactose has not been described and ER-resident multiple transmembrane domain-containing galactosyltransferases are not known. Therefore, we suggest that the side chain modification takes place in the Golgi apparatus of plants and involves an unknown β-galactosyltransferase that uses UDP-galactose as donor substrate. Golgi glycosyltransferases are typically type II membrane proteins with a single transmembrane domain and a short N-terminal cytoplasmic region (Schoberer and Strasser, 2011). The recently identified GPI-GalNAc-transferase PGAP4 has a different structure with two additional tandem transmembrane domains (Hirata et al., 2018). This peculiar structure likely facilitates the interaction with the membrane-anchored substrate. While there is no PGAP4 homolog present in the Arabidopsis proteome, it is possible that the unknown plant GPI-galactosyltransferase has a similar membrane topology. On the other hand, B3GALT4 that transfers a galactose to the GalNAc has a common type II membrane topology. B3GALT4 is distantly related to Arabidopsis hydroxyproline O-galactosyltransferases that are members of the GT31 family (Basu et al., 2015). Plants have a large family of GT31 galactosyltransferases with still poorly characterized function (Showalter and Basu, 2016) that are involved in different pathways, including N-glycan processing (Strasser et al., 2007). One of those galactosyltransferases from GT31 could be responsible for the side chain formation of GPI core glycan.

What is the function of the GPI side chain modification? Like for many glycan modifications such as Lewis A-type structures, the function of the attached GPI side chain galactose is currently unknown (Strasser, 2016). In mammalian brain, galactosylated and sialylated GPI-anchors are more abundant than in other tissues. However, not all GPI-anchored proteins are modified to the same extent with some proteins having only GalNAc instead of additional galactose and sialic acid modifications (Kobayashi et al., 2020). Sialylation of the human prion protein side chain may contribute to the pathology of prion disease (Bate et al., 2016). The specific function of side chain glycosylation in mammals and the conserved nature of the identified core glycan modification in plants suggests that the β-linked galactose has a biological role that needs to be unraveled in future studies.
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For the past 5 years, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) technology has appeared in the molecular biology research spotlight. As a game-changing player in genome editing, CRISPR/Cas9 technology has revolutionized animal research, including medical research and human gene therapy as well as plant science research, particularly for crop improvement. One of the most common applications of CRISPR/Cas9 is to generate genetic knock-out mutants. Recently, several multiplex genome editing approaches utilizing CRISPR/Cas9 were developed and applied in various aspects of plant research. Here we summarize these approaches as they relate to plants, particularly with respect to understanding the biosynthesis and function of the plant cell wall. The plant cell wall is a polysaccharide-rich cell structure that is vital to plant cell formation, growth, and development. Humans are heavily dependent on the byproducts of the plant cell wall such as shelter, food, clothes, and fuel. Genes involved in the assembly of the plant cell wall are often highly redundant. To identify these redundant genes, higher-order knock-out mutants need to be generated, which is conventionally done by genetic crossing. Compared with genetic crossing, CRISPR/Cas9 multi-gene targeting can greatly shorten the process of higher-order mutant generation and screening, which is especially useful to characterize cell wall related genes in plant species that require longer growth time. Moreover, CRISPR/Cas9 makes it possible to knock out genes when null T-DNA mutants are not available or are genetically linked. Because of these advantages, CRISPR/Cas9 is becoming an ideal and indispensable tool to perform functional studies in plant cell wall research. In this review, we provide perspectives on how to design CRISPR/Cas9 to achieve efficient gene editing and multi-gene targeting in plants. We also discuss the recent development of the virus-based CRISPR/Cas9 system and the application of CRISPR/Cas9 to knock in genes. Lastly, we summarized current progress on using CRISPR/Cas9 for the characterization of plant cell wall-related genes.
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INTRODUCTION

In recent years, the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) genome editing system has emerged as a versatile tool to perform precise gene targeting and mutations including gene insertions/deletions, gene replacements, and single base pair conversions (Zong et al., 2017; Soyars et al., 2018; Dong et al., 2020). CRISPR/Cas9 was first discovered as an adaptive immune defense system in bacterial cells as a mechanism to ward off foreign DNA (Jinek et al., 2012; Wiedenheft et al., 2012). When adapted for genome editing, the CRISPR/Cas9 machinery mainly contains two parts: a guide RNA (gRNA) and the Cas9 endonuclease. A gRNA is 20 nucleotides (nt) long and is a highly gene-specific sequence (Gao and Zhao, 2014). Each gRNA is complementary and binds to a specific target DNA sequence that ends with a short DNA sequence, known as the protospacer adjacent motif (PAM), which is often “NGG.” The PAM region is essential for Cas9 binding and is found 3 bp downstream of the cleavage site of the Cas9 endonuclease (Ran et al., 2013). Adjacent to the 3′ end of the 20 nt gRNA is an ∼80 nt long gRNA scaffold sequence that is necessary for Cas9 binding (Jiang and Doudna, 2017). Once the gRNA-Cas9 complex forms, Cas9 makes a double-strand cut exactly 3 bp before the PAM sequence (Jiang et al., 2013). The break site is mainly repaired by non-homologous end joining (NHEJ), which is often error-prone and results in insertion or deletion (indel) mutations at the cut site (Figure 1A). Such indel mutations often lead to frame-shift mutations, affecting protein translation and thereby disrupting a gene’s function. Plant scientists have begun to utilize CRISPR/Cas9 gene editing technology in both model plants and crop plants to manipulate genetic pathways, improve various agronomic traits, and produce pathogen-resistant crops (Gurumurthy et al., 2016; Li et al., 2018b; Makarova et al., 2018; Wang C. et al., 2019).
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FIGURE 1. The principle of CRISPR/Cas9 mediated genome editing and criteria for guide RNA selection. (A) In the CRISPR/Cas9 system, a 20 nt guide RNA (gRNA) is complementary to the target DNA region in the host genome followed by a gRNA scaffold sequence. Each target DNA sequence ends with a protospacer adjacent motif (PAM), which is often the sequence “NGG.” The formation of the gRNA-DNA complex triggers the binding of the Cas9 endonuclease to the complex and generates a double-stranded break (DSB) 3 bp in front of the PAM. (B) General rules for choosing a gRNA sequence to improve its effectiveness.


The plant cell wall is a dynamic and complex extracellular organelle that is essential for cell survival and has great economic value (Makarova et al., 2018). The primary cell wall consists of cellulose microfibrils embedded in an aqueous cell wall matrix, which is largely composed of two polysaccharides, pectin and hemicellulose, as well as some proteins (Cosgrove, 1997). The secondary cell wall is produced between the primary cell wall and the plasma membrane after cell expansion is completed. Approximately 40–50% of the secondary cell wall is made up of cellulose, followed by hemicellulose (xyloglucan and xylan), and lignin (Zhong and Ye, 2015). Approximately 10% of the cell wall is composed of proteins, mostly hydroxyproline-rich glycoproteins (HRGPs), which include arabinogalactan-proteins (AGPs), extensins (EXTs), and proline-rich proteins (PRPs) (Showalter, 1993).

In this review, we focus on the rationale and principles associated with using CRISPR/Cas9 constructs to generate genetic mutants that disrupt gene/proteins, which are associated with plant cell wall biosynthesis. We first discuss strategies to optimize CRISPR/Cas9 design, including choosing the best gRNA and Cas9 promoter. We then explore the multiplexing capacity of the CRISPR/Cas9 mediated gene editing system and its applications. Next, we describe CRISPR/Cas9 mutant generation and detection, as well as methods for Cas9-free mutant identification. And finally, we summarize current efforts utilizing CRISPR/Cas9 technology to elucidate gene functions related to plant cell wall biosynthesis.



OPTIMIZATION OF GRNA DESIGN IN THE CRISPR/CAS9 SYSTEM

Several publicly available web-based tools such as CRISPR-PLANT1, E-CRISP2, CHOPCHOP3, Tefor4, and CRISPR-P 2.05, are widely used for gRNA design. These design tools often provide a list of possible gRNA sequences and rank them by their targeting scores for any gene of interest in a given plant species (Moreno-Mateos et al., 2015). Depending on the gRNA sequence chosen, potential gRNA picks contain zero to many potential off-target sites with different off-target scores. It is noteworthy that the specificity of a gRNA sequence is mainly determined by the 8–12 nt gRNA sequence (i.e., the seed region) next to the PAM sequence, also known as the PAM-proximal region. As the structure of the RNA–DNA heteroduplex in the PAM-distal region is more flexible than the PAM-proximal region, the proximal region is nearly intolerable to any mismatches compared to the distal region (Jinek et al., 2012; Jiang and Doudna, 2017). Knowing the specificity of a gRNA sequence also helps to evaluate potential off-target effects, since off-target effects are less likely to occur when mismatches appear in the seed region.

The gRNA design websites also display other features, including locations of each gRNA, its GC content, restriction enzyme (RE) sites within the gRNA sequence, potential off-target genes and the corresponding off-target scores. Generally, one should select gRNA(s) that target the 5′ region of a gene to ensure that the translation of a functional protein is terminated as early as possible. Also, a functional gRNA(s) often contains 40–60% GC content in order to increase its binding affinity with the Cas9 protein (Samarut et al., 2016; Figure 1B). Besides using gRNA design tools, several other criteria for gRNA(s) selection should also be taken into consideration. One study found that high mutagenesis frequency is associated with having a “T” at position 3 and/or position 6, as well as a “C” at position 20 of a gRNA sequence, whereas having an “A” at position 20 lowered the gRNA targeting rate (Liu et al., 2016b). Moreover, gRNAs ending with “GG” can improve Cas9 enzyme activity up to 10-fold compared with gRNAs that ended with “AG” or “GA” (Gagnon et al., 2014). Another study found that having a “G” adjacent to the PAM sequence resulted in higher mutagenesis rates in vitro (Gagnon et al., 2014; Figure 1B). Furthermore, a gRNA that contains four or more consecutive “T” nucleotides should be avoided, as such sequences can be recognized as a transcription stop site (Ma and Liu, 2016; Figure 1B).

In fact, nucleotide compositions of a gRNA at different positions can influence the binding affinity and the structure of the Cas9-gRNA-DNA complex (Ma et al., 2015). Further analysis found that in order for a Cas9-gRNA-DNA to form a stable secondary structure, base-pairing rules between an individual a gRNA-gRNA scaffold have been established: gRNA-gRNA scaffold should have less than 12 total base-pairings, a gRNA-gRNA scaffold should have less than 7 consecutive base-pairings, and internal gRNA base-pairings should be less than 6 (Liang et al., 2016). Therefore, choosing gRNA(s) that meet these secondary structure criteria can greatly improve gene editing efficiency (Figure 1B).



OPTIMIZATION OF PROMOTERS USED IN THE CRISPR/CAS9 SYSTEM

Apart from the nucleotide composition and secondary structure of a gRNA, the mutagenesis efficiency of CRISPR/Cas9 is also dependent on the vector system and whether the plant is a monocot or eudicot. In a CRISPR/Cas9 expression vector, the promoter(s) used to drive Cas9 expression plays a key role in the likelihood and types of mutations (i.e., chimeric or non-chimeric). Constitutive promoters such as the 35S promoter, 2 × 35S promoter, rice ubiquitin promoter, and ubiquitin promoters from different plant species are often used for gene editing in plants (Jiang et al., 2014; Zhang et al., 2014). For Arabidopsis gene editing, the 35S promoter, however, is not recommended because 35S-driven expression has low activity during embryogenesis and in germ-line cells when using floral dip transformation. Thus, the 35S promoter generates more somatic mutations and fewer mutations in the reproductive tissue, making the mutations less inheritable (Feng et al., 2018). The Arabidopsis ubiquitin (AtUBQ10) promoter, which is highly expressed during embryogenesis, is a better choice. Although the AtUBQ10 promoter improves the mutagenesis rate, the majority of CRISPR lines generated with the AtUBQ10 promoter are chimeric mutants, which often require one more generation (i.e., a T2 generation) to determine the exact mutation type (Feng et al., 2014; Yan et al., 2016).

Therefore, the expression of Cas9 should be high in the early developmental stages in order to obtain homozygous and stable mutants. Arabidopsis promoters including the egg-cell (E.C) specific promoters such as E.C 1.1 and E.C 1.2 (DD45), pollen-specific promoters such as LAT52, sporogenous cell specific promoters such as SPL, and the Yao promoter which is highly expressed both in the meristem and during embryogenesis can increase the chance of homozygous and heritable mutations in Arabidopsis (Wang Z.-P. et al., 2015; Yan et al., 2015; Mao et al., 2016).



CRISPR/CAS9 MULTIPLEXING METHODS AND APPLICATIONS

One useful extension of CRISPR-Cas9 is its multiplexing capacity. Currently there are no reliable ways to accurately predict the efficiency of a single gRNA in vivo. Consequently, to ensure successful gene editing, multiple gRNAs can be used to target different loci of a single gene simultaneously. The typical approach for CRISPR/Cas9 multiplexing is to assemble multiple gRNA transcription units in a head-to-tail fashion in a binary vector that contains a Cas9 gene expression cassette. Each gRNA transcription unit contains an RNA polymerase (Pol) III promoter, such as the rice U3 or Arabidopsis U6 small nuclear RNA (snRNA) promoters, the gRNA, and the gRNA scaffold sequences followed by a U3 or U6 terminator sequence (Li et al., 2007; Figure 2A). The snRNAs are a class of genes that function in pre-mRNA splicing in both plants and animals. These U3 or U6 snRNA promoters are constitutively expressed and therefore are able to generate relatively high levels of an RNA transcript (Li et al., 2007). Based on this strategy, a number of convenient cloning vectors were developed that only require the insertion of the gRNA sequence(s) into the cassette for both monocot and dicot species. One published CRISPR-Cas9 construct incorporated 11 multiple cloning sites in the vector and can allow for the incorporation of 10 distinct gRNAs (Liang et al., 2016). Another research group engineered a vector that can include up to 12 different gRNAs for both monocot and dicot plants (Ma and Liu, 2016; Čermák et al., 2017). Golden Gate and Gibson cloning are two popular approaches used to facilitate CRISPR-Cas9 multiplexing cloning. Both methods use a Type II restriction endonuclease such as BsaI and T4 or T7 ligase, which enables digestion and ligation of multiple gRNA cassettes in one chemical reaction. However, the U3 or U6 promoter requires an “A” or “G” at the transcription start site, which means the chosen gRNA should either start with such a nucleotide or have an extra “A” or “G” added to the 5′ end of the selected gRNA sequence.
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FIGURE 2. Three CRISPR/Cas9 multiplexing approaches. (A) Multiple gRNA(s) can be assembled together as multiple transcription cassettes. Either a U3 or U6 promoter/terminator is used depending on the monocot or dicot species being targeted. (B) CRISPR/Cas9 multiplexing is done by spacing a ribozyme sequence before and after each gRNA sequence; these ribozyme-gRNA-ribozyme (RGR) units undergo self-cleavage after transcription. (C) The polycistronic tRNA-gRNA (PTG) system fuses each gRNA with a tRNA sequence, endogenous RNaseP and RNaseZ can recognize, cleave at the tRNA sequence, and release the gRNA after transcription. The blue color indicates different gRNA sequences. Each gRNA multiplexing gene construct also contains a Cas9 gene under the control of a specific promoter such as the actin, ubiquitin, 35S, and the germline cell promoter.


Two other multiplexing approaches that use RNA Pol II or RNA Pol III for gRNA(s) transcriptions are the ribozyme-gRNA-ribozyme (RGR) system and the polycistronic tRNA-gRNA (PTG) system (Gao and Zhao, 2014; Xie et al., 2015; Figures 2B,C). Unlike RNA Pol III which is a constitutive promoter, RNA Pol II allows for cell or tissue specific expression (He et al., 2017). In the RGR system, a 5′ hammerhead ribozyme sequence cleavage site was designed immediately in front of the gRNA sequence, whereas another cleavage site from the hepatitis delta virus (HDV) ribozyme sequence was designed to occur at the 3′ end of the gRNA sequence (Figure 2B). Both ribozyme sequences undergo self-cleavage to release the individual gRNA once it is transcribed (He et al., 2017). In the PTG system, each gRNA is spaced by a tRNA sequence and up to eight different gRNAs (PTG units) can be assembled in this system (Figure 2C). Once a PTG construct is transcribed in the cell, RNase P and RNase Z recognize and cleave at the tRNA sequence, thus releasing the gRNA. This method was developed for targeting multiple genes, such as the mitogen-activated protein kinase (MPK) genes (MPK1, MPK2, MPK5, and MPK6) in rice (Xie et al., 2015; Minkenberg et al., 2017). By using the PTG targeting approach, single gRNA mutation efficiency varied from 13–100%. As for multi-gene targeting, 50% of the T0 transgenic lines contained mutations for all eight gRNAs targeting the 4 MPK genes (Xie et al., 2015).

Because the tRNA sequence in the PTG system is conserved across plant species, the PTG cloning vector is universal. Depending on the species to be targeted, these PTG units can be assembled into either a monocot or dicot CRISPR-Cas9 expression vector using the Golden Gate or Gibson cloning approach. The PTG system also allows for the expression of up to eight gRNAs in a single transcript given the small size of an individual gRNA-tRNA unit. To date this system has been used for multi-gene targeting in Arabidopsis, crop plants (rice, wheat, and Brassica napus), Drosophila, and human cell lines (Nissim et al., 2014; Port and Bullock, 2016; Qi et al., 2016; Yang H. et al., 2017). Exploitation of the CRISPR-Cas9 multiplexing capacity has made it possible to edit multiple genes simultaneously within one or two generations, as well as knock-out genes that are closely linked. It also opens up many possibilities for plant breeding. For example, this multiplexing capacity facilitates gene editing of polyploid crop species such as wheat, strawberry, B. napus, and Camelina sativa (Wang W. et al., 2016; Jiang et al., 2017; Yang L. et al., 2017). Moreover, it has been adopted to edit multiple quantitative trait loci (QTL) that control traits such as yield and kernel size in rice and maize (Shen et al., 2018; Zhou et al., 2019). More recently, a rapid de novo domestication has been successfully achieved in tomato using the CRISPR-Cas9 multiplexing approach that edited six “domestication genes” that controlled plant architecture, yield, and nutritional value in wild-type (WT) genomes, which resulted in tomatoes that possess both genetic diversity of the WT tomato along with modern tomato traits (Li et al., 2018a).



CRISPR/CAS9 MUTANT GENERATION, DETECTION, AND PHENOTYPIC ANALYSES

CRISPR-Cas9 knock-out mutants are different from T-DNA insertion mutants in the mutant generation process. For T-DNA insertion mutants, heterozygous mutants are first produced in the T0 or T1 generation and segregate into heterozygous and homozygous mutants after self-pollination in later generations. In the CRISPR-Cas9 system, when a DSB (double-stranded break) created by Cas9 occurs, the DSB could occur in one allele or both alleles of a target gene resulting in monoallelic (heterozygous) or biallelic (homozygous) mutants (Soyars et al., 2018). Additionally, chimeric/mosaic mutants are often generated when Cas9 is expressed in some (but not all) somatic cells. In other words, there is a higher chance to obtain non-chimeric mutations when Cas9 is expressed during embryogenesis or in germ line cells. Consequentially, rice and tomato, which use a callus-based transformation method, generally have a lower chance to produce chimeric/mosaic mutants in the T1 generation compared to Arabidopsis, which relies on floral dip transformation, and has a somewhat higher chance to produce chimeric/mosaic mutants in the T1 generation, especially when using constitutive promoters (Fauser et al., 2014). Furthermore, Cas9 can still generate DSBs in subsequent plant generations if it is not segregated out from the mutants (Feng et al., 2014).

Typically, CRISPR-Cas9 mediated mutations are 1 bp insertion/deletions (indels) in plants (Zhang et al., 2014; Ma et al., 2015; Svitashev et al., 2015; Xiong et al., 2019). Compared to T-DNA insertion mutant screening where the exact mutation type (i.e., homozygous or heterozygous mutants) can be easily detected by PCR, methods for detecting mutations for CRISPR mutant screening are generally more difficult and varied with one exception (Figure 3). This exception involves using two gRNAs targeting different loci of a gene, where a larger fragment deletion can occur in a CRISPR mutant that can be easily detected by PCR (i.e., PCR deletion screening) (Figure 3). However, such a large deletion event happens less frequently, compared to only one or the other gRNA working and generating an indel mutation.
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FIGURE 3. A pipeline for using CRISPR/Cas9 mediated genome editing to generate plant knock-out mutants.


Two widely used methods for CRISPR/Cas9 mutant screening are the T7 endonuclease I (T7EI) mismatch cleavage assay and RFLP (restriction fragment length polymorphism) analysis (Botstein et al., 1980; Vouillot et al., 2015). For both assays, a target gene region is first amplified by PCR. Both WT and homozygous mutants produce perfect matches after denaturing and re-annealing of the PCR product. Heterozygous mutants produce heteroduplexes, revealing indels that can be cleaved by T7EI and identified by DNA gel electrophoresis. To identify homozygous mutations, a second round of the T7E1 assay needs to be done. Here, DNA from homozygous mutants is mixed with WT DNA before the denaturing and re-annealing step. In this case, only homozygous mutants are able to form heteroduplexes with WT DNA and are cleaved by T7E1 (Figure 3). RFLP analysis is an ideal method to perform mutant screening when a RE recognition site resides within the gRNA sequence (Kim et al., 2014). In this assay, the appropriate RE is added after PCR amplification. Monoallelic or biallelic mutations will disrupt the RE cleavage site in either one or both mutant alleles, resulting in either one larger size band, or one larger and one smaller size band in the mutant compared with one smaller (duplet) band when using WT DNA for digestion after DNA gel electrophoresis (Figure 3).

One simple and accurate approach for detection of small indels is the high-resolution melting (HRM) curve assay, which relies on melting curves for indel mutation detection through a qPCR reaction (Wittwer et al., 2003). The HRM method begins by amplifying a 80–95 bp gene fragment including the target site in the presence of a florescent dye. At the last step of the PCR reaction, the PCR product undergoes a denaturation-annealling step (95°C, 30 s and 25°C, 30 s). This step allows for the formation of homoduplexes and heteroduplexes depending on mutation types. Next, a melting curve is generated during the denaturation step when the amplicon is denatured 65–95°C by increasing the temperature in 0.2°C increments. Since the fluorescent dye used by HRM only binds to double-stranded DNA, the denaturation step releases the fluorescent dye from the bound DNA. Any changes in the nucleotide sequence are shown by different melting temperature during the melting step resulting in different melting curves in this qPCR program (Simko, 2016; Figure 3).

Another recently developed method for CRISPR/Cas9 mutation screening is the ‘annealing at critical temperature PCR (ACT-PCR) method (Hua et al., 2017; Guo et al., 2018). This method is based on amplifying a gene fragment flanking the target site using two primers: a left primer ending with a 1–4 bp overlap with the DSB site, and a right primer located downstream of the target site. To employ this method, gradient PCR is first used to amplify WT DNA to determine the critical Tm for the gene target followed by amplifying mutants using the same Tm. Any mismatches that occur in the mutants may prevent the primers from binding at the critical Tm. This method, however, cannot differentiate chimeric, heterozygous, and homozygous mutations. To date, this ACT-PCR method has been applied in Arabidopsis, rice, cabbage, and zebrafish (Hua et al., 2017; Guo et al., 2018; Xiong et al., 2019; Figure 3).

Other methods also exist for CRISPR/Cas9 mutant analyses such as indel detection by amplicon analyses (IDAA), single-strand conformational polymorphism (SSCP) analyses, and an in vitro Cas9 cleavage assay developed by Clontech Laboratories (Zheng et al., 2016; Lonowski et al., 2017; Zhou et al., 2017). Although these other methods can also accurately detect indel mutations, these methods may require special equipment or reagents to perform the assay.

Potential mutants that are obtained by the above screening methods are then subjected to DNA sequence analysis, typically by Sanger sequencing. A target site that shows clear, single nucleotide peaks 3 bp in front of the PAM sequence on a sequencing chromatogram is an indication of a homozygous or biallelic mutation. However, CRISPR-Cas9 is likely to induce chimeric or heterozygous mutations, which are shown as double or overlapping nucleotide peaks in the sequencing chromatogram starting right from the gRNA binding site. In these cases, it is difficult to discern the exact mutation type from the chromatogram. Therefore, tools, such as DSdecode, were developed to generate sequencing results for both alleles from a mixed peak Sanger sequencing chromatogram (Liu et al., 2015). For even more accurate analysis, CRISPR-Cas9 induced mutations occurring in these cases can directly be quantified with respect to the percentages of each mutation using next generation sequencing (NGS) (Bell et al., 2014).

CRISPR mutant lines may show stronger phenotypes than actual homozygous mutant phenotypes in the T1 generation for unknown reasons (Soyars et al., 2018). Because of that, phenotypic traits shown in the early generation provide a rapid way to assess mutant phenotypes as well as narrow down mutants for screening. To obtain stable CRISPR/Cas9 mutant lines, it is important to differentiate true homozygous mutants from chimeric mutants. A Sanger sequencing result of a T1 mutant line sometimes can be misleading when it comes to a chimeric mutant as it may only indicate the genotype of the particular tissue being sequenced. To avoid tissue biases, one study extracted a pool of DNA from different organs for gene amplification (Schumacher et al., 2017). Another protocol suggested the collection of seeds from separate branches of a chimeric mutant to prevent segregation of a desired mutation in the next generation (Yan et al., 2016). In addition, progenies of the T1 mutant line should be confirmed to ensure stable transmission of a mutation.



CAS9-FREE (“T-DNA” FREE) MUTANT SCREENING

Because the presence of Cas9 in a mutant has the potential to generate subsequent cuts in the genome and create other gene mutations, it is necessary to screen for Cas9-free offspring once a mutant line is identified. The traditional way of using PCR to screen for Cas9-free mutants is labor-intensive and tedious. Two ingenious ways were developed for Cas9-free mutant screening that involves making fusion proteins with a functional Cas9 and exclusively expressing it in Arabidopsis seeds. One study fused mCherry with Cas9 under the control of the At2S3 seed-specific promoter (Gao et al., 2016). Another study fused Cas9 together with TagRFP under control of the Oleosin-1 (OLE1) seed oil body specific promoter (Shimada et al., 2010; Tsutsui and Higashiyama, 2017). In both methods, Cas9-free transgenic lines can be screened directly from T1 seeds using a fluorescent microscope, which has greatly lessened the workload and the timeframe for obtaining Cas9-free mutant lines. Similarly, by fusing the CRISPR construct with a GFP tag and by delivering this construct by hairy root transformation into Brassica carinata, successful transgenic lines were identified using a blue-green LED flashlight (Kirchner et al., 2017).



VIRUS-MEDIATED CRISPR/CAS9 GENE EDITING

Several plant viruses have been engineered and used as vectors to deliver CRISPR/Cas9 to generate knock-out mutants (Ali et al., 2015; Hu J. et al., 2019; Ellison et al., 2020; Ma et al., 2020). The virus-based method delivers a preassembled CRISPR/Cas9 construct into a specific tissue through injection. This approach provides an alternative to performing gene editing without tissue culture steps and allows for quick assessment of mutant phenotypes as well as multiplexing (Liu and Zhang, 2020). Moreover, it is possible to obtain DNA-free gene-edited plants as the DNA or RNA viruses are transiently expressed or do not have a DNA phase during replication; therefore, there is no incorporation of T-DNA into the host genome. Nevertheless, the application of a viral-based CRISPR/Cas9 delivery approach in plants still faces two obstacles. First, most DNA or RNA positive viruses such as TRV (tobacco rattle virus) have a small cargo capacity (<1 kb) which cannot fit Cas9 (4.1 kb) in the vector; therefore, such viral vectors have to be delivered via a Cas9 overexpression line (OE). Moreover, most of the viral vectors have a low transmitting rate in meristem and germline cells, which requires a somatic cell regeneration step to obtain stable transgenic lines. As a result, two recently developed viral vectors have overcome each of these limitations (Cody and Scholthof, 2019).

The mRNA of the FT gene (Flowering Locus) can move from the vascular tissue to the apical meristem and can promote cell-cell mobility when fused with other RNA sequences (Mathieu et al., 2007; Ellison et al., 2020). A mobile gRNA targeting phytoene desaturase (PDS) fused with the FT sequence was cloned into the TRV vector and was injected into Cas9 OE tobacco lines (Ellison et al., 2020). Somatic mutations of PDS were successfully transmitted from locally infected leaf tissue to the upper meristem. More importantly, seeds of the T1 mutants were planted and 65% of the T2 generation inherited the mutation. Furthermore, three mobile gRNAs were assembled together to target two tobacco genes (PDS and AGAMOUS), and ∼30% of the progeny inherited mutations corresponding to the three gRNAs (Ellison et al., 2020).

To generate DNA-free CRISPR/Cas9 edited plants, Ma et al. (2020) recently engineered an RNA negative-strand virus, sonchus yellow net rhabdovirus (SYNV), which was the first reported vector to include the entire CRISPR/Cas9 cassette. This vector was first used to target GFP and achieved up to a 90% mutation rate. They went on to target three tobacco genes, PDS, RNA-dependent RNA polymerase 6 (RDR6), and suppressor of gene silencing 3 (SGS3) using a tRNA-gRNA multiplexing approach and achieved a 40–90% mutation rate. Although SYNV seems to be an ideal choice to achieve DNA-free gene editing, it can only infect somatic cells and cannot be passed on to the next generation without going through the somatic cell regeneration (Ma et al., 2020).



KNOCK-IN GENES VS. KNOCK-OUT GENES USING CRISPR/CAS9 IN PLANTS

When CRISPR/Cas9 generates a DSB, it can be repaired by either NHEJ or homologous-directed repair (HDR) with the former being the primary repair pathway in somatic cells and not requiring a donor template (Malzahn et al., 2017). Although rare, HDR can achieve precise gene repair, thus it is often used for precise gene targeting (GT or knock-in genes) and gene replacement (Huang and Puchta, 2019). To perform GT, a gene to be inserted, referred to as the donor template, is flanked by the two homologous arms. Homologous arms contain the same sequences (∼500 bp) adjacent to the GT site (Rozov et al., 2019). The efficiency for knock-out genes by CRISPR/Cas9 can reach 50–100% compared to knock-in genes that is often less than 10%. Moreover, the cloning steps and design of CRISPR/Cas constructs for knock-in genes can be more difficult than for knock-out genes.

It has been reported that HDR favors linearized donor sequences over circular donor sequences, thus target sequences have been inserted before the two homologous arms so that the donor DNA can be released by nucleases (Song and Stieger, 2017; Li et al., 2019). It is believed that the copy number and accessibility of the donor template are rate-limiting factors for HDR (Zhang et al., 2019). Geminivirus, a common plant virus, can generate large numbers of replicons by rolling circle replication. By using a geminivirus-based replicon system to deliver donor templates, the GT rate can be increased 10 to 100 fold in plants (Čermák et al., 2015; Cunningham et al., 2018; Dahan-Meir et al., 2018; Demirer et al., 2019). To make the donor templates more accessible for Cas, donor DNA and Cas have been incorporated into RNP (ribonucleoprotein) complexes and delivered to protoplasts in several plant species including Arabidopsis, tobacco, lettuce, and rice (Ma et al., 2020). The RNP approach has also been used to generate DNA-free knock-out mutants (Woo et al., 2015; Baek et al., 2016; Malnoy et al., 2016). Because biotin and streptavidin (Avidin) form a strong non-covalent linkage, fusing a biotin tag with the donor template and an Avidin tag to Cas helps to better recruit biotinylated donor DNA (Ma et al., 2017). Unlike NHEJ that happens in the cell cycle except for meiosis, HDR happens only during G2/S phase (Orthwein et al., 2015). Therefore, increasing Cas9 activity during meiosis may increase the GT rate through HDR. One study compared the GT rate using several germline cell promoters to drive Cas9 in Arabidopsis and found the egg-cell and the early embryo promoter DD45 (EC1.2) achieved the highest GT (Miki et al., 2018). Interestingly, the investigators were only able to achieve GT by sequentially transforming the gRNA and the donor template into the Cas9 transgenic lines driven by the different promoters and not by transforming the three elements together into non-transgenic lines (Miki et al., 2018).



CURRENT EFFORTS USING CRISPR/CAS9 TO STUDY PLANT CELL WALL-RELATED GENE FAMILIES


Utilizing CRISPR/Cas9 to Study Lignin Biosynthesis

Poplar and switchgrass are two important bioenergy crops. Both species are polyploid and outcross with a high frequency of single nucleotide polymorphisms (SNPs) that impede efficient and specific gene editing (Carroll and Somerville, 2009; Okada et al., 2010). However, the multiplexing capacity and specificity of the CRISPR/Cas9 system has been utilized to target genes involved in lignin biosynthesis in these two species.

One study successfully edited two homologous genes (4CL1 and 4CL2) in poplar (Zhou et al., 2015). Both 4CL1 and 4CL2 belong to the 4-coumarate: CoA ligase (4CL) gene family and are responsible for lignin and flavonoid biosynthesis, respectively (Hu W.J. et al., 1998; Harding et al., 2002). Disruption of 4CL1 lowered the syringyl-to-guaiacyl (S:G) monolignol ratio, resulted in a 23% decrease of the lignin content, and had a slight reduction of condensed tannins (CT), which is a flavonoid derivative, suggesting that some gene redundancy is present between 4CL1 and 4CL2. Knocking out 4CL2 resulted in a 50–90% reduction of CT only in the roots and 30% less chlorogenic acid in leaves. In the 4cl1 mutants, no off-target editing occurred, including in the 4CL5 gene, which differs by only 1 bp from the gRNA sequence targeting 4CL1 (Zhou et al., 2015; Liu et al., 2016a; Table 1). Further characterization of the 4cl1 mutants found that they contained more caffeic acid, which is a substrate for 4CL5. In addition, the 4cl1 mutants showed reduced expression of ferulate-5-hydroxylase (F5H), a key gene in the S-lignin biosynthesis pathway, and elevated expression of caffeoyl-CoA O-methyltransferase1 that is involved in G-lignin biosynthesis, suggesting that the reduced S-lignin production in 4cl1 mutants came with a compensatory effect in G-lignin biosynthesis (Tsai et al., 2020). Similar to poplar, switchgrass is a tetraploid species that contains three homologous 4CL genes, namely Pv4CL1, Pv4CL2, and Pv4CL3 (Park et al., 2017). Four out of thirty-nine transgenic lines were edited in one or more of the four alleles of the Pv4CL1 gene at a single target site. Suppression of Pv4CL1 showed reduced cell wall thickness, up to 30% less lignin, 7–11% more glucose and 23–32% more xylose (Park et al., 2017; Table 1).


TABLE 1. Examples of plant cell wall related genes edited by CRISPR/Cas9.

[image: Table 1]Rice is another important biomass crop species for biofuel production. One key enzyme in the lignin biosynthesis pathway is coniferaldehyde 5-hydroxylase (CALd5H), which influences the S:G ratio (Boerjan et al., 2003; Vanholme et al., 2008; Takeda et al., 2017). In addition, grass species also contain γ-p-coumaroylated G/S monolignols. Three sgRNAs (a, b, and c) were selected by the CRISPR-P program and assembled into a single construct to target different loci of the OsCALd5H gene in rice (Takeda et al., 2019; Table 1). Both sgRNA-a and sgRNA-c achieved 83–100% targeting rates, whereas no editing was detected for sgRNA-b in the T0 generation. Homozygous Cas9-free T1 plants were also generated from OsCALd5H-KO-a and OsCALd5H-KO-c lines. Both mutant lines contained more lignin in leaf sheaths and more arabinoxylan in culm cell walls compared to WT rice. Moreover, 2D NMR analysis showed a substantial increase in G lignin and a reduction of S lignin, but the γ-p-coumaroylated G/S ratio was not affected, suggesting a dominant role of OsCALd5H in modulating non-γ-p-coumaroylated sinapyl alcohol (Takeda et al., 2019).



Using CRISPR/Cas9 to Study Plant Cell Wall Protein Function

The AGPs are a family of heavily glycosylated cell wall HRGPs found throughout the plant kingdom (Schultz et al., 2002; Showalter et al., 2010; Nguema-Ona et al., 2014). Although 85 AGPs were identified in Arabidopsis, only a few AGP mutants have been characterized due in part to gene redundancy within the family (Showalter et al., 2010). RNA interference (RNAi) and CRISPR/Cas9 are two key molecular techniques that would eliminate or suppress the expression of multiple AGP genes (Levitin et al., 2008; Li et al., 2010; Hou et al., 2016; Pereira et al., 2016; Moreira et al., 2020; Zhang et al., 2020). FLAs (fasciclin-like AGPs) are a distinct subfamily of AGPs that contain AGP domains as well as fasciclin protein domains that are believed to function in cell adhesion (Johnson et al., 2003). One study performed in B. carinata discovered that BcFLA was specifically downregulated in response to inorganic phosphate (Pi) deficient conditions (Kirchner et al., 2018). To study the role of BcFLA, two gRNAs were designed to target BcFLA1. As there are two alleles (BcFLA1a and BcFLA1b) that are similar in their sequences, both gRNAs were designed to match the sequence of the BcFLAa allele. While the 1st gRNA sequence contained two mismatches to the sequence of BcFLA1b, the 2nd gRNA contained four mismatches to BcFLA1b including one mismatch in the PAM sequence. A number of gene-editing events were detected and mostly occurred in the 1st gRNA targeting region ranging from 5 to 154 bp deletions in both alleles. Phenotypic analysis of the CRISPR induced fla1 mutant found its root hairs were ∼50% shorter in response to Pi starvation (Kirchner et al., 2018; Table 1). As the genome of B. carinata is not fully sequenced, it was not possible to test for possible off-target events. To confirm that the reduced root hair length was caused by the disruption of BcFLA1, a gene complementation analysis was performed that expressed a mutated version of BcFLA1am under the control of a ubiquitin promoter; this mutant allele encodes the same amino acid but was resistant to CRISPR/Cas9 induced mutation (Kirchner et al., 2017). The BcFLA1am transgenic line showed an increase in root hair length compared to the fla1 mutant, confirming the functional importance of BcFLA1 in root hair elongation (Kirchner et al., 2018).



Using CRISPR/Cas9 to Study Plant Cell-Wall Associated Enzymes

AGPs are modified by the addition of type II arabinogalactan (AG) polysaccharides, which includes a β-(1,3)-linked galactose backbone which is modified with the addition of multiple β-(1,6)-galactan side chains which include galactose (Gal), arabinose, fucose, glucuronic acid (GlcA), rhamnose, and xylose residues (Showalter, 2001; Showalter and Basu, 2016a). The backbone and sidechains are synthesized by the step-wise action of a set of specific glycosyltransferases, which act mainly in the Golgi to specifically add each of these sugars to particular locations in the AG polysaccharide. Thus, one approach to reveal functional roles of the sugar decorations on AGPs is to knock out these glycosyltransferase (GT) genes and examine phenotypic changes in the resulting mutants (Basu et al., 2013, 2015a,b; Liang et al., 2013). However, gene redundancy present in most GT families often results in single mutants with no observable phenotypic differences from WT. Moreover, it is difficult and time consuming to create higher order mutants and disrupt multiple genes simultaneously by genetically crossing only T-DNA mutants (Ogawa-Ohnishi and Matsubayashi, 2015; Showalter and Basu, 2016b). Most recently, we have applied a CRISPR/Cas9 approach to edit three glucuronic acid transferases (GLCATs) simultaneously in Arabidopsis (Zhang et al., 2020; Table 1). These GLCATs function in adding GlcA onto AGPs; GlcA is the only negatively charged sugar molecule on AGPs and is proposed to be the key sugar molecule enabling AGPs to bind extracellular calcium (Lamport and Várnai, 2012, 2013; Knoch et al., 2013; Dilokpimol and Geshi, 2014; Lamport et al., 2014). In our work, we found a substantial reduction in AGP calcium binding in all the CRISPR mutant lines compared to WT. Furthermore, this CRISPR/Cas9 multiplexing approach was essential in identifying the redundant roles of two of these physically linked genes, namely GLCAT14A and GLCAT14B, in regulating seed germination, root hair growth, trichome development, and plant reproduction (Zhang et al., 2020).

Xylan is a main component in the secondary cell wall that contributes to mechanical strength and cell wall recalcitrance. The structure of xylan consists of a β-1,4-linked xylopyranosyl (Xyl) backbone and often decorated by α-L-arabinopyranose (Araf) as a single unit and sometimes substituted with 4-O-methyl-α-D glucuronic acid (GlcA) (Darvill et al., 1980). Previous studies identified two rice mutants, ss1 and ss2, that exhibited dwarf, thinner stems, and leaf tip necrosis phenotypes (Tu et al., 2015). A follow-up study found that these two mutants contain point mutations in the gene named OsXYN1, which encodes an endo-1,4-β-xylanase (Tu et al., 2020). To confirm the role of OsXYN1, two OsXYN1 CRISPR mutant lines were produced that contained 1 and 2 bp deletions, respectively (Tu et al., 2020; Table 1). As expected, both OsXYN1 mutants demonstrated similar phenotypes to ss1 and ss2. Furthermore, the ss mutants contained less lignin and downregulated genes related to xylan and lignin biosynthesis (Tu et al., 2020). Moreover, the ss mutants were likely to wilt under sunlight and demonstrated inefficient water uptake, which was caused by having a thinner middle lamella compared to WT. As a trade-off, genes in the aquaporin water channel pathway were found to be upregulated in the ss mutants (Tu et al., 2020).

Manipulating enzymes in the pectin degradation pathway can potentially enhance the post-harvest life of fruits such as tomatoes (Kitagawa et al., 2005). A recent study successfully edited pectate lyase (PL), polygalacturonase 2a (PG2a), and β-galactanase (TBG4) to reveal their functions in pectin degradation and fruit ripening in tomato (Wang D. et al., 2019; Table 1). The PL CRISPR line showed a firmer inner and outer pericarp. Both the PL and PG2a CRISPR lines showed higher juice and paste viscosity. The TBG4 CRISPR lines exhibited more separation of the intracellular spaces and larger fruit size, whereas TBG4 and PG2a CRISPR lines also showed a delay in fruit color changes during ripening (Wang D. et al., 2019). Another recent study also highlighted multi-gene targeting of three pectin-methylesterase genes (Bra003491, Bra007665, Bra014410) using a single gRNA and achieved a 20–56% mutation rate in Brassica campestris (Xiong et al., 2019; Table 1).

The CRISPR/Cas9 mediated genome editing approach has emerged as a powerful tool to modify cell wall biosynthesis pathways in several plant species. Recently, the base-editing property of CRISPR/Cas9 was exploited to generate double herbicide resistant rice plants (Hu Z. et al., 2019). C17 is a newly identified growth inhibitor that can disrupt cellulose biosynthesis by directly acting on CESA1 or CESA3. However, a C17 resistant mutant line has been identified in Arabidopsis that contained a C to T point mutation in CESA3. By transforming a BE3-CESA3S983F CRISPR/Cas9 base editor system with cytidine deaminase into another isoxaben resistant mutant (irx2-1) background, 9 out of 2,000 transgenic lines conferred C17 and isoxaben resistance, including seven chimeric mutants and two homozygous and Cas9-free mutant lines (Hu Z. et al., 2019; Table 1).



Using CRISPR/Cas9 to Study Transcription Factors in Secondary Cell Wall Biosynthesis

Secondary cell walls (SCWs) are found in vessel and fiber cells. The SCW biosynthesis pathway is mainly regulated by two kinds of transcription factors (TFs), namely NAC and MYB, with the former serving as the master switch for the latter. A 19 bp secondary cell wall NAC-binding element (SNBE) and a 7 bp SCW MYB-responsive element (SMRE) are the binding sequences for NAC and MYB for downstream gene regulation, respectively (Zhong et al., 2010; McCarthy et al., 2011; Zhong and Ye, 2015). To manipulate SCW biosynthesis, a CRISPR/Cas9 genome editing approach was utilized to target these two TFs as well as their target genes.

In poplar, there are at least 192 putative R2R3 MYB TFs (Wilkins et al., 2009). CRISPR/Cas9 was used to reveal the function of a R2R3 MYB repressor named PtoMYB156 (Yang L. et al., 2017; Table 1). An overexpression line of PtoMYB156 showed thinner SCWs in xylem fibers, a reduction cellulose, lignin, and xylose content. Moreover, three gRNAs corresponding to sequences in the first exon were used to target PtoMYB156 (Yang L. et al., 2017). PCR-based analysis found three CRISPR lines (Line 5, Line 7, and Line 12) contained partial deletions between gRNA2 and gRNA3. Moreover, sequencing results showed 12 out of 25 clones (48%) of Line 5 contained a deletion between gRNA2 and gRNA3, indicating this line is likely to be a heterozygous mutant. Gene-editing of PtoMYB156 resulted in more lignin in the phloem fibers coupled with increased expression of the genes involved in SCW biosynthesis (Yang L. et al., 2017).

CRISPR/Cas9 gene editing was also recently used to identify the roles of a previously uncharacterized gene named ENLARGED VESSEL ELEMENT (EVE), which was initially identified using QTL analysis in poplar (Ribeiro et al., 2020). A CRISPR/Cas9 eve mutant was created and exhibited fewer vessel elements and a reduction in vessel area, whereas an EVE-overexpression (OE) line exhibited 129% larger vessels compared to WT. The eve and EVE-OE lines also showed a 23% decrease and a 39% increase of root vessel diameter, respectively. Moreover, the larger vessel elements in the EVE-OE line also demonstrated increased K+ uptake compared to that of eve mutant and WT. The authors argued that the absence of changes in K+ uptake in the eve mutant was due to compensation effects by other potassium transporters (Ribeiro et al., 2020; Table 1). By fusing the promoter region of EVE with the LUCIFERASE enzyme and in the presence of several TFs, the transcription of LUCIFERASE a significant increase in the presence of the secondary cell wall-associated NAC domain protein, SND1. Consistently, a 19-bp SNBE was also found in the promoter region of EVE that can bind to SND1 (Ohtani et al., 2017).

OsSND2, which is a NAC, was identified as the activator for OsMYB61 by yeast one-hybrid screening and transactivation analysis (Ye et al., 2018). Two transgene-free, homozygous rice mutants named snd2-c1 and snd2-c2 were generated by cloning two gRNAs corresponding to the first exon of OsSND2 in one gene construct (Ye et al., 2018; Table 1). The snd2 mutants phenocopied the WT rice but contained significantly less cellulose and had thinner cell walls in sclerenchyma cells. In contrast, OsSND2-OE plants were semi-dwarf, displayed significant leaf rolling phenotypes, had greater cellulose content. As expected, expression levels of several CESAs and R2R3-type MYBs were down-regulated in the snd mutants and up-regulated in OsSND2-OE lines (Ye et al., 2018).

In rice, 123 TFs were identified to be involved in SCW biosynthesis based on co-expression network analysis (Hirano et al., 2013). Among them, one is a zinc-finger TF named INTERMINATE DOMAIN 2 (OsIDD2), which can negatively regulate SCW formation (Huang et al., 2018). The OsIDD2-OE lines exhibited a clear dwarf phenotype as well as brittle leaves. This line also contains 50% less lignin compared to WT rice. However, osidd2 CRISPR mutants showed no clear phenotypes and had only a slight increase in lignin content (Table 1). Phloroglucinol staining of the osidd2 mutant showed darker staining of leaf vascular bundles compared to WT, whereas little staining was observed in the OsIDD2-OE lines. Transient expression analysis using a firefly luciferase (fLUC) reporter found that OsIDD2 negatively regulates expression of cinnamyl alcohol dehydrogenase 2 and 3 (CAD2 and CAD3) and sucrose synthase 5 (SUS5) (Huang et al., 2018).



CONCLUSIONS

Efforts have been made over the past decades to identify enzymes involved in cell wall biosynthesis. For cell wall researchers, understanding the biochemical and physiological properties of different cell wall components is crucial for generating genetically engineered plants with desired cell wall traits for plant growth and commercial applications. Given the large variation in carbohydrate and linkage types, we have yet to fully understand the complexity and interactions associated with cell wall structure. Moreover, gene redundancy for many genes encoding cell wall biosynthesis enzymes has made it challenging to elucidate the biological function of specific cell wall components by conventional methods. In this review, we have shown that the specificity and the multiplexing features of CRISPR/Cas9 makes it an ideal tool to uncover biological functions of genes, and particularly gene families demonstrating functional gene redundancy, associated with the biosynthesis of plant cell wall components. Moreover, the shorter timeframe from genotype to phenotype makes CRISPR/Cas9 mutagenesis particularly valuable and appealing to generate higher-order mutants to discover gene functions for many cell wall-related gene families. Finally, while we have largely focused on cell wall biosynthesis here, this CRISPR/Cas9 approach is equally applicable to other genes whose products function in modifying and/or degrading the plant cell wall.
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Immunization with recombinant glycoprotein-based vaccines is a promising approach to induce protective immunity against viruses. However, the complex biosynthetic maturation requirements of these glycoproteins typically necessitate their production in mammalian cells to support their folding and post-translational modification. Despite these clear advantages, the incumbent costs and infrastructure requirements with this approach can be prohibitive in developing countries, and the production scales and timelines may prove limiting when applying these production systems to the control of pandemic viral outbreaks. Plant molecular farming of viral glycoproteins has been suggested as a cheap and rapidly scalable alternative production system, with the potential to perform post-translational modifications that are comparable to mammalian cells. Consequently, plant-produced glycoprotein vaccines for seasonal and pandemic influenza have shown promise in clinical trials, and vaccine candidates against the newly emergent severe acute respiratory syndrome coronavirus-2 have entered into late stage preclinical and clinical testing. However, many other viral glycoproteins accumulate poorly in plants, and are not appropriately processed along the secretory pathway due to differences in the host cellular machinery. Furthermore, plant-derived glycoproteins often contain glycoforms that are antigenically distinct from those present on the native virus, and may also be under-glycosylated in some instances. Recent advances in the field have increased the complexity and yields of biologics that can be produced in plants, and have now enabled the expression of many viral glycoproteins which could not previously be produced in plant systems. In contrast to the empirical optimization that predominated during the early years of molecular farming, the next generation of plant-made products are being produced by developing rational, tailor-made approaches to support their production. This has involved the elimination of plant-specific glycoforms and the introduction into plants of elements of the biosynthetic machinery from different expression hosts. These approaches have resulted in the production of mammalian N-linked glycans and the formation of O-glycan moieties in planta. More recently, plant molecular engineering approaches have also been applied to improve the glycan occupancy of proteins which are not appropriately glycosylated, and to support the folding and processing of viral glycoproteins where the cellular machinery differs from the usual expression host of the protein. Here we highlight recent achievements and remaining challenges in glycoengineering and the engineering of glycosylation-directed folding pathways in plants, and discuss how these can be applied to produce recombinant viral glycoproteins vaccines.
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INTRODUCTION

Since its conception, a major driving force for producing recombinant biologics in plants, or plant molecular farming, has been the potential to cheaply produce pharmaceuticals where they are needed most in the developing world (Rybicki, 2010). Although many of the envisioned advantages of the system still hold true—most notably lower infrastructure requirements and production costs—the capital outlay to build a production facility remains a significant barrier to establishing manufacturing capacity in resource-limited areas (Murad et al., 2019; Margolin et al., 2020a). Additional challenges that hinder the acceptance of plants as a mainstream production platform are low yields for some proteins, and differences in the host biosynthetic machinery which may compromise certain necessary post-translational modifications (PTMs) (Margolin et al., 2020c). Both of these obstacles are probably related: post-translational processing dictates protein folding and misfolded proteins are degraded by quality control systems, therefore accounting for low protein yields in some instances (Strasser, 2018).

Molecular farming has often been proposed as a platform for vaccine and therapeutic manufacturing, particularly in response to pandemic outbreaks (Rigano et al., 2009; Streatfield et al., 2015; Margolin et al., 2020a). This is primarily due to the rapid production time frame, scalability of transient expression and the capacity to mediate most PTMs required for the biological activity of mammalian proteins (Faye et al., 2005; Holtz et al., 2015). Accordingly, many promising biologics have been produced in plant systems to combat human and veterinary pathogens, including multicomponent virus-like particles (VLP) (Thuenemann et al., 2013; Dennis et al., 2018), and numerous recombinant antibodies (Zeitlin et al., 2016; Hurtado et al., 2020; Singh et al., 2020). Objectively, therapeutic antibodies and viral structural components can generally be readily produced in plants and assemble as expected, but the expression of many viral glycoproteins in the system remains an arduous task (Margolin et al., 2018). Advances in expression technologies have improved the yields of many plant-made proteins, and several promising viral glycoprotein vaccines have also now been successfully expressed in recent years—including several from high impact emerging and pandemic viruses (Lomonossoff and D’Aoust, 2016; Margolin et al., 2018). Recent noteworthy examples in the published literature include the Zika virus envelope protein (Yang et al., 2018), the E2 glycoprotein from classical swine fever virus (Laughlin et al., 2019), the HIV envelope glycoprotein (gp140) (Rosenberg et al., 2013; Margolin et al., 2019), the gp350 glycoprotein from Epstein-Barr virus (Margolin et al., 2020b), the Gn glycoprotein from Rift Valley fever virus (Mbewana et al., 2019; Margolin et al., 2020b), the chikungunya E2 glycoprotein (Margolin et al., 2020b) and the hemagglutinin (HA) glycoprotein from both pandemic and seasonal influenza viruses (D’Aoust et al., 2008, 2010; Landry et al., 2010; Mortimer et al., 2012).

Medicago Inc. work in the development of influenza VLP vaccines exemplifies the potential of molecular farming to rapidly respond to pandemic outbreaks. Once established, the platform was used to successfully produce 10 million vaccine doses of hemagglutinin (HA)-based virus-like particles (VLPs) within a month of receiving the sequence (D’Aoust et al., 2010). More importantly, these were protective in stringent preclinical challenge models and showed similar promise in clinical trials (D’Aoust et al., 2008; Landry et al., 2010; Pillet et al., 2015, 2016, 2019). The vaccines constitute a viable alternative to the long-outdated paradigm of egg-based influenza vaccine manufacturing, which has the disadvantages of slow production rates and limited production capacity (D’Aoust et al., 2010). Notably, the vaccines comprise enveloped VLPs which are probably more potent immunogens than other non-particulate subunit vaccines under development (D’Aoust et al., 2008). More recently, following the emergence of SARS-CoV-2 and the ensuing global pandemic, iBio Inc., Medicago Inc., and Kentucky Bioprocessing Inc., have all confirmed the production of candidate vaccines in Nicotiana benthamiana (iBio, 2020; Medicago, 2020; Ziady, 2020). The publicly-available details of these vaccines are currently limited, but Medicago’s VLP-based vaccine has already initiated a Phase I clinical trial [NCT04450004] (Kentucky, 2020).

In contrast, attempts to express other more complex viral glycoproteins in plants have often been less successful (Margolin et al., 2018). In many cases, poor protein accumulation has been associated with leaf necrosis soon after expression of the target protein. This phenotype indicates severe endoplasmic reticulum stress in response to the accumulation of misfolded proteins, and may suggest a fundamental incompatibility with the host folding machinery (Hamorsky et al., 2015). Given the complex maturation of viral glycoproteins along the secretory pathway, and their reliance on these processing events to co-ordinate their folding, this may not be surprising (Watanabe et al., 2019). Host-derived glycosylation is central to glycoprotein maturation and trafficking, and the extensive glycosylation of many viral glycoproteins probably exceeds anything that would naturally be produced in a plant system (Watanabe et al., 2019). It would also be naïve to discount the influence of the plant glycosylation machinery—compared to the mammalian hosts of these viruses—as plants differ with respect to N-glycan sequon occupancy, glycan processing and do not naturally support mammalian-type O-glycan biosynthesis.

Whilst viral glycoprotein production in plants certainly faces significant challenges, recent advances in molecular engineering have prompted the development of new approaches to humanize plant glycosylation, and to accommodate the maturation of proteins which would not otherwise occur in planta (Margolin et al., 2020c). These strategies provide new hope for the development of vaccines and other biologics, production of which would not previously have been possible. In this article we highlight these advances in the molecular engineering of glycosylation and glycosylation-directed folding in plants, and discuss how they can be implemented to produce well-folded and appropriately glycosylated recombinant viral glycoproteins for use as vaccines.



PIT STOP 1: GLYCOSYLATION OF VIRION-ASSOCIATED VIRAL GLYCOPROTEINS

The majority of enveloped viruses that impact human health display virally-encoded glycoproteins on the virion surface (Bagdonaite and Wandall, 2018; Watanabe et al., 2019). These proteins are responsible for mediating fusion with the host cell, and therefore determine the host range and infectivity of the virus (Rey and Lok, 2018). A common feature of envelope fusion glycoproteins is the presence of host-derived glycans which are central to the virus lifecycle (Watanabe et al., 2019). There are multiple selective pressures shaping both the frequency and distribution of these glycans, with different factors influencing N- and O-linked glycosylation. Both classes of glycosylation can enhance the physicochemical stability of the glycoprotein, but in addition, N-linked glycans facilitate protein folding through their role in the calnexin/calreticulin chaperone-mediated folding cycle. The complexity of viral glycoprotein structures, such as the use of extensive disulfide bonding, often leads to dependence on glycan-mediated folding pathways. The dependence of viral glycoproteins on these folding mechanisms, compared to typical mammalian host glycoproteins, is demonstrated by the antiviral activity of small-molecule inhibitors that block glycan-mediated chaperone interactions (Mehta et al., 1998; Chang et al., 2013; Tyrrell et al., 2017; DeWald et al., 2020). The interconnection between glycosylation and the formation of the target disulfide bond network in turn is illustrated by the recruitment of oxidoreductases during protein folding (Molinari and Helenius, 1999), and the presence of thioredoxin-like domains within the UDP-glucose:glycoprotein glucosyltransferase folding sensor (Roversi et al., 2017). The addition of artificial disulfide bonds in recombinant viral glycoproteins is also emerging as a key strategy to stabilize recombinant viral glycoprotein mimetics to ensure that they reproduce the native glycoprotein architecture (Binley et al., 2000; Sanders and Moore, 2017; Allen et al., 2018).

The dependence on N-linked glycans for chaperone-mediated folding events has probably also facilitated the structural incorporation of some glycans into the protein fold. In HIV-1, for example, the glycan at Asn262 of the envelope glycoprotein forms extensive contacts with the protein surface, and its absence leads to an almost complete loss of protein fold integrity and viral infectivity (Huang et al., 2012; Kong et al., 2015). Similarly, glycans shield and stabilize the protein in many other viruses such as SARS-CoV-2 (Zhao et al., 2020), Lassa (Watanabe et al., 2018), and influenza (Hebert et al., 1997). While not involved in chaperone-mediated folding, O-linked glycosylation is fundamental to the structure of mucin-like domains (Gerken et al., 1989): these are present in proteins of many viral families, such as the Filoviridae (Tran et al., 2014) and Herpesviridae (Norden et al., 2015). The presence of O-linked glycans outside extensive mucin-like regions can also be detected in some cases, and plays a similarly important role in viral fitness (Silver et al., 2020).

In addition to their role in glycoprotein folding and assembly, glycans can have numerous influences on viral pathobiology. One well-documented selective pressure for the addition of glycosylation sites is immune evasion. In the extreme, viruses such as HIV-1 which persist within an infected individual by evolving away from the specificities of the host’s adaptive immune response, have very high densities of envelope protein glycosylation (Wei et al., 2003). In another setting, hit-and-run viruses such as influenza can accumulate and redistribute glycans seasonally as part of the antigenic drift facilitating continued circulation within the population (Wu and Wilson, 2017).

Viral glycans can also have functions within the host, and it can often be difficult to understand if these properties have been directly selected for, or if they have arisen as a consequence of immunological selective pressures. Many viral glycoproteins contain complex N-glycans that are decorated with galactose, fucose and sialic acid (Bowden et al., 2008; Collar et al., 2017; Watanabe et al., 2020a, b). In contrast, however, the density of N-linked glycans on HIV virions is sufficiently high that the glycan network acts as a steric blockade to the enzymes that mature glycans from oligomannose-type to complex-type (Behrens and Crispin, 2017). The resulting “mannose patch” facilitates lectin-mediated viral trafficking but also lectin-mediated complement activation (Borggren and Jansson, 2015; Mason and Tarr, 2015). Given the high density of viral glycans, it could be envisioned that these could be targeted by antibodies. However, a significant hurdle in the antibody-mediated recognition of viral glycans is that many glycan-binding B-cells are autoreactive, and are therefore eliminated by central tolerance (Haynes and Verkoczy, 2014). A couple of exceptions to this general rule are the antibody-mediated barrier to viral transmission arising from blood group incompatibility (Neil et al., 2005), and in zoonosis where non-human glycan epitopes can be displayed on the initially infecting virions (Crispin et al., 2014). Despite the issue of tolerance, many individuals infected with HIV-1 go on to develop broadly neutralizing antibodies where regions of glycans form part of the epitope (Crispin et al., 2018). While the antigenic diversity means that the individuals still require antiviral drugs to control the infection, these broadly neutralizing antibodies show promising protection in viral challenge models and their elicitation is a major goal in vaccine design programs (Sok and Burton, 2018; Haynes et al., 2019). It is also noteworthy that antibodies targeting glycans have also been identified in other viral systems, such as against coronaviruses (Pinto et al., 2020).

Therefore, it is often important that recombinant immunogens are capable of reproducing features of native viral glycosylation (Behrens et al., 2017; Krumm and Doores, 2020). Monitoring glycosylation is consequently increasingly performed when manufacturing viral glycoproteins for clinical trials (Dey et al., 2018). Another influence of glycosylation in the setting of viral immunogens is the impact of glycosylation on immunogen trafficking and the resulting immune response (Tokatlian et al., 2019). It is therefore also important to consider engineering of immunogen glycosylation in the optimization of vaccine candidates.



PIT STOP 2: IMPLICATIONS OF PLANT-SPECIFIC N-GLYCANS FOR VIRAL GLYCOPROTEIN VACCINE DEVELOPMENT

It is well-established that the expression of heterologous proteins in plants yields N-glycans that are distinct from those present on mammalian glycoproteins (Strasser, 2016). The most well-documented difference is the presence of plant-specific complex glycans that contain β1,2-xylose and α1,3-fucose (Strasser, 2016). Truncated (paucimannosidic) and elongated (Lewis A epitope) glycoforms are also observed on plant-produced proteins, but are comparatively less abundant and have not been studied as extensively as complex glycans (Montero-Morales and Steinkellner, 2018). Paucimannosidic glycans arise from the enzymatic removal of N-acetylglucosamine (GlcNAc) from the glycan core, and are present on vacuolar and some extracellular glycoproteins (Liebminger et al., 2011). In contrast, Lewis A structures arise from the extension of GlcNAc structures with β1,3-galactose and α1,4-fucose (Fitchette-Laine et al., 1997). Lastly, plants also lack the biosynthetic machinery for sialic acid synthesis, and consequently unlike those in mammalian cells, plant-produced glycans are not sialylated (Zeleny et al., 2006).

Whilst there has been a limited number of reports describing the glycosylation of plant-produced viral glycoproteins, those that have been published are consistent with observations for other plant-produced proteins. The prototypical influenza VLP vaccine produced by Medicago Inc., for example, contains typical complex plant glycan structures, as well as some paucimannosidic and Lewis A-type glycans, on the HA glycoprotein (Ward et al., 2014). Similarly, a truncated HIV envelope gp140 that was produced in N. benthamiana contained complex plant-specific glycans and oligomannose glycans, as expected (Rosenberg et al., 2013). The biggest concern with these plant-specific glycans was that they would be recognized as foreign by the human immune system, and that this could either result in a hypersensitive response or rapid clearance following immunization which would diminish their efficacy (Bosch and Schots, 2010). It has now been established that plant-derived glycoforms are safe in humans, and that they do not impair the immunogenicity of plant-produced influenza VLPs containing the viral glycoprotein (Ward et al., 2014). These vaccines were reported to be safe even in volunteers with pre-existing plant allergies, and although some transient IgG and IgE responses were observed to glycoepitopes they did not elicit any adverse effects (Ward et al., 2014). This landmark study addresses long-standing safety concerns that potentially undermined the use of plant-made proteins for human use. Furthermore, these observations also confirm the appropriate trafficking of complex viral glycoproteins through the secretory pathway, which is a critical determinant for post-translational modifications. However, it remains to be determined if repeated immunization—as would be expected in the case of an annual influenza vaccine—leads to unwanted responses against plant-derived glycans. A similar concern exists for other vaccines that require booster immunizations. Similarly, it is unclear if immune responses toward glycoepitopes would be exacerbated following immunization with more heavily glycosylated viral glycoproteins—such as in the case of plant-produced SARS-CoV-2 spike-based vaccines (Watanabe et al., 2020a). Anti-drug responses are highly undesirable and have been associated with reduced clinical efficacy of other pharmaceuticals, or even anaphylaxis in some cases (Arnold and Misbah, 2008; Hsu and Armstrong, 2013; Mok et al., 2013). The elicitation of anaphylactic reactions is likely related to the abundance of the foreign epitope, and some human-approved antibodies contain low levels of immunogenic glycoforms, albeit at lower levels than typical plant glycoforms (Beck and Reichert, 2012). Recently, several studies have suggested that some proteins may be under-glycosylated (lower site occupation) when expressed in plants (Castilho et al., 2018). Glycan “holes” arising from partial sequon occupancy are a common artifact of recombinant expression systems (Cao et al., 2018; Struwe et al., 2018), and are generally undesirable for vaccine immunogens as they may lead to distracting non-neutralizing antibody responses (Derking et al., 2020). To date this has only been reported for a small number of plant-produced proteins—mainly antibodies and some enzymes—and has not yet been adequately explored for viral glycoproteins (Zeitlin et al., 2016; Castilho et al., 2018). However, this phenomenon may account for the difficulties in producing certain viral glycoproteins in plants (Margolin et al., 2018). The loss of even a single glycan can compromise glycoprotein trafficking along the secretory pathway in natural infection, preventing proper processing or export to the cell surface (Moll et al., 2004; Shi and Elliott, 2004; Luo et al., 2015; Shen et al., 2016). A similar reliance on glycosylation can also be expected for the production of these proteins in heterologous expression systems. Given the role of glycans in directing glycoprotein folding, lower levels of glycan occupancy could be expected to compromise chaperone-mediated folding and to result in increased aggregation or impaired oligomerization. The latter was recently illustrated for recombinant IgA produced in N. benthamiana, where under-glycosylation in the heavy chain tail piece resulted in inefficient dimerization (Göritzer et al., 2020).

In the context of a recombinant viral glycoprotein, under-glycosylation would be expected to negatively impact the immunogenicity of a vaccine antigen in several ways (Figure 1). This could explain the lack of neutralizing antibodies in rabbits immunized with a plant-produced HIV gp140 envelope trimer, despite the presence of high levels of binding antibodies (Margolin et al., 2019). Under-glycosylation could also potentially account for the protein aggregation that has been reported following the transient expression of the HIV envelope glycoprotein in plants (Rosenberg et al., 2013; Margolin et al., 2019).
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FIGURE 1. Potential impact of under glycosylation on the immunogenicity of a plant-produced viral glycoprotein. In scenario 1 immunization results in the induction of antibodies which target an epitope on the recombinant protein that is obscured by a glycan in the wildtype virus. Therefore, the antibodies induced are unable to neutralize the virus as this epitope is masked. Alternately, antibodies may target strain-specific holes in the glycan shield distracting the immune response from epitopes that are targets of broadly neutralizing antibodies. In scenario 2, lower glycan occupation exposes hydrophobic stretches of the protein which are usually shielded by glycans. This results in protein aggregation which occludes important epitopes of the protein for immunization. In scenario 3, poor glycan occupancy precludes recognition by ER-resident chaperones which mediate glycoprotein folding. This results in misfolded protein which may elicit a high magnitude immune response that is not protective (CRT, calreticulin).


Although it remains to be experimentally determined for viral glycoproteins, paucimannosidic structures are likely to be enriched in proteins which naturally traffic to the plasma membrane, which is the site of β-N-acetylhexosaminidase 3 (HEXO3) in plants (Liebminger et al., 2011; Shin et al., 2017). This has been documented for other plant produced proteins such as human α1-antitrypsin (Castilho et al., 2014) and bovine follicle stimulating hormone (Dirnberger et al., 2001), where these glycan processing events increased heterogeneity of the recombinant proteins and impacted their biological activity. Paucimannosidic glycans do not naturally occur on viral glycoproteins derived from humans, although they are common in viruses from insect vectors (Crispin et al., 2014). It is therefore interesting to consider for production of vaccines against zoonotic arboviruses that plant expression systems may capture features of insect-derived viruses. Exposure of terminal mannose residues following processing may accelerate protein turnover following recognition by lectin receptors (Yang et al., 2015), and this may prevent sustained antigenic stimulation which is important for the induction of an appropriate immune response. On the other hand, mannose-terminating glycans may also aid in trafficking to follicular dendritic cells (Tokatlian et al., 2019) and presentation of glycan-based epitopes shared with those of insect-derived viruses. The Lewis A epitope is the least abundant glycan species in plant-produced proteins but has been described for certain heterologous proteins, including Medicago’s influenza hemagglutinin-based VLP vaccines (Le Mauff et al., 2015). Given the paucity of glycosylation data available for plant-produced viral glycoproteins, it is difficult to establish how common this modification is. It is also difficult to predict its influence for vaccination.

The absence of mammalian-like O-glycan machinery in plants may also pose challenges to the production of viral glycoproteins containing mucin-like domains. Similarly, the absence of mammalian sialic acid residues is a further complication and may be undesirable in some settings. For example, sialic acid has been determined to form part of the epitope of some broadly neutralizing antibodies against HIV (Pancera et al., 2013). However, in the context of Medicago’s influenza VLP vaccines, the absence of sialic acid is highly advantageous as this enables the budding of the viral hemagglutinin as particles in the absence of other accessory proteins (D’Aoust et al., 2008). Sialic acid would otherwise tether the glycoprotein to the host cell, necessitating the expression of neuraminidase to sever this linkage for budding to occur (Chen et al., 2007).



DESTINATION 1: APPROACHES TO PRODUCE VIRAL GLYCOPROTEINS IN PLANTS WITH “NATIVE-LIKE” GLYCOSYLATION

Long-standing concerns about the potential impact of plant-specific glycoforms has prompted extensive efforts to humanize the plant glycosylation machinery (Montero-Morales and Steinkellner, 2018). These approaches have successfully yielded human-like glycoforms, by implementing tailored approaches to generate specific glycan moieties (Margolin et al., 2020c). Given that viral glycoproteins are amongst the most extensively glycosylated pharmaceutical targets, it would seem promising to apply such approaches to this class of protein.

The first step toward humanizing N-glycosylation in plants was achieved by eliminating the enzymes responsible for imparting plant-specific complex glycans (β1,2-xylosyltransferase and α1,3-fucosyltransferase). This was originally achieved using RNA interference to down-regulate expression of the target genes (Strasser et al., 2008), but more recently the CRISPR/Cas9 system was used to completely ablate activity of the enzymes (Jansing et al., 2019). RNA interference has also been applied to prevent the formation of paucimannosidic glycans by mitigating β-hexosaminidase activity in N. benthamiana (Shin et al., 2017), and the targeted knockout α1,4-fucosyltransferases and β1,3-galactosyltransferases in cultured moss cells successfully eliminated the formation of Lewis A structures (Parsons et al., 2012). These approaches potentially allow for the production of viral glycoproteins lacking undesirable glycan modifications in planta, essentially yielding a core structure that can be modified to generate tailored N-glycans with mammalian-type extensions (Figure 2).
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FIGURE 2. Glycoengineering approaches to produce authentic viral N-glycan (A) and O-glycan (B) structures in plants. In (A) typical plant-derived complex, Lewis A and paucimannosidic glycans are depicted. In order to produce authentic viral-type glycosylation plant-specific glycan processing events need to be eliminated. This involves knocking out the activity of α1,3-fucosyltransferase (Δα1,3-FucT) and β1,2-xylosyltransferase (Δβ1,2-XylT) to prevent the formation of plant-specific complex glycans. Similarly, mitigating the activities of β1,3-galactosyltransferase (GalT) will prevent the formation of Lewis A glycans. Lastly, suppression of β-hexosaminidase 3 (ΔHEXO3) will avoid processing to yield paucimannosic structures. These approaches may need to be combined with strategies to improve the glycan occupancy, such as by engineering the host sequence or by expressing heterologous oligosaccaryltransferases. The resulting glycan core can then serve as a substrate to generate tailor-made glycoforms. The co-expression of the necessary glycosyltransferases will support the formation of native viral extensions; including α1,6-fucosylation, β1,4-galactosylation and α-2,6-sialylation. The efficiency of the glycosyltransferases may be variable in planta and could result in partial occupancy (indicated by ∗). In (B) the elimination of prolyl 4-hydroxylases (ΔP4H) will prevent the undesired conversion of proline to hydroxyproline. Subsequently, the biosynthetic machinery required for mucin-type glycosylation can be expressed in planta to yield viral glycoforms with typical extensions.


In combination with these approaches, the expression of heterologous glycosyltransferases can generate authentic mammalian-like N-glycosylation. Notable achievements in this regard have included the production of glycans with β1,4-galactose (Schneider et al., 2015; Stelter et al., 2020) and sialic acid extensions (Castilho et al., 2010; Kallolimath et al., 2016), as well as the formation of bisected, branched and multiantennary structures (Castilho et al., 2011; Nagels et al., 2011). These achievements establish an important precedent for reproducing mammalian-type N-glycosylation in plants, and constitute a useful framework for production of authentically-glycosylated viral glycoproteins.

The recent observation that some proteins may be under-glycosylated in plants raises concerns that this may be an important constraint for the production of heavily glycosylated biologics in the system (Jarczowski et al., 2016; Castilho et al., 2018; Montero-Morales et al., 2019; Göritzer et al., 2020; Margolin et al., 2020c; Singh et al., 2020). It is presently unclear how widespread this phenomenon is, particularly in the context of viral glycoproteins, as few published reports have described the quantitative glycosylation analysis of plant-produced proteins. Glycan occupancy is dependent on the host oligosaccaryltransferase (OST) complex which transfers the preassembled glycan precursor (Glc3Man9GlcNAc2) to the N-X-S/T sequon of the protein (where X is any amino acid except proline) (Mohorko et al., 2011). In human cells, the OST complex exists in two different forms which are defined by the presence of either the STT3A or STT3B catalytic subunits (Ramirez et al., 2019). In addition to the catalytic subunits, each complex also contains a shared core of non-catalytic components as well as isoform-specific subunits (Ramirez et al., 2019). The two complexes have complimentary functions in directing protein glycosylation: STT3A mediates co-translation glycosylation whereas STT3B is responsible for post-translational glycosylation (Ruiz-Canada et al., 2009). The composition of the OST complex in plant cells has not been as well described, but homologs of the human catalytic subunits have been reported for Arabidopsis thaliana (Koiwa et al., 2003; Strasser, 2016).

Although the efficiency of glycosylation is influenced by a number of variables—including glucose availability (Liu et al., 2014), the proximity of adjacent sequons (Shrimal and Gilmore, 2013), amino acid sequence of the glycan sequon (Gavel and von Heijne, 1990) and flanking regions (Murray et al., 2015; Huang et al., 2017)—under glycosylation in planta has mainly been attributed to the unique recognition preferences of the plant OST complex (Margolin et al., 2020c). Accordingly, the co-expression of the Leishmania major LmSTT3D OST enzyme has been reported to improve the glycan occupancy of a range of substrates in plants (Castilho et al., 2018), and it has been proposed that the co-expression of other single subunit OSTs may confer a similar benefit (Margolin et al., 2020c). This has yet to be explored for any plant-produced viral glycoprotein but may prove to be an important approach to ensure adequate glycosylation of complex glycoprotein antigens in the system. Targeted sequence changes may also prove useful to improve glycosylation, including modification of the glycan sequon (Gavel and von Heijne, 1990) or the proximal regions (Murray et al., 2015; Jarczowski et al., 2016; Huang et al., 2017).

The second major type of glycosylation relevant to producing viral glycoprotein vaccines in plants is mucin-type O-glycosylation. In mammalian cells this arises from the addition of N-acetylgalactosamine (GalNAc) to serine, threonine and tyrosine residues in the protein, which are then extended with various monosaccharides (Halim et al., 2011). Consequently, O-glycosylation can yield highly variable structures (Watanabe et al., 2019). Plants do not naturally support the synthesis of mammalian-type O glycans, but instead often convert proline residues to hydroxyprolines, which are then extended with arabinose (Karnoup et al., 2005; Pinkhasov et al., 2011). Similar to the challenge of humanizing N-glycosylation, the production of viral glycoproteins with authentic O-glycosylation may need to consider both the elimination of undesirable plant-specific modifications and mammalian O-glycan extensions. Theoretically, in order to avoid plant-specific O-glycan modifications, the activities of the responsible prolyl 4-hydroxylase enzymes needs to be suppressed (Moriguchi et al., 2011). However, it is unclear if these modifications are even present on plant-produced viral glycoproteins; and data describing their site-specific glycosylation is notably lacking. Furthermore, in some cases it may even be beneficial to engineer the glycoprotein to remove mucin-like regions as they can be highly variable and may obscure vulnerable epitopes (Fusco et al., 2015; Rutten et al., 2020).

Nonetheless, producing viral glycoproteins in plants with native O-glycans will require the entire biosynthetic pathway to be expressed de novo—as has been the case for other non-viral targets. Encouragingly, mucin-type glycosylation has already been successfully achieved with several model proteins in plants, by introducing the cellular machinery required to mediate the transfer and elongation of GalNAc (Daskalova et al., 2010; Yang et al., 2012; Dicker et al., 2016). This even includes sialylated mucin-type O glycans where the biosynthetic machinery for both O-glycosylation and sialylation were introduced into the plant expression host (Castilho et al., 2012). These reports demonstrate the flexibility of plant expression platforms which support the co-expression of multiple components of the cellular machinery from different hosts, or even, in the extreme, of entire biosynthetic pathways. This is highly encouraging as, realistically, in order to produce authentic viral glycoproteins from certain viruses both N-and O-glycan engineering approaches will probably need to be combined. The obvious drawback, however, is that a pre-existing knowledge of the native viral glycosylation is required to implement these approaches, and therefore if glycoengineering is necessary to produce a target antigen, this may preclude the use of the platform to rapidly respond adequately to a pandemic outbreak.



DESTINATION 2: GLYCOSYLATION-DIRECTED FOLDING OF VIRAL GLYCOPROTEINS

The endoplasmic reticulum (ER) is the main site of viral glycoprotein folding and quality control. Following translation, the nascent protein is glycosylated by the host OST complex and trafficks into the ER for chaperone-mediated folding, disulfide bond formation and oligomerization. The folding process is carefully regulated by host-derived glycans which co-ordinate chaperone-mediated folding and impose quality control checkpoints, to ensure that only correctly folded protein progresses into the Golgi apparatus for further maturation. Whilst non-glycosylated proteins are targeted into the classical chaperone folding pathway, glycoprotein folding is coordinated by the lectin chaperones calnexin (CNX) and calreticulin (CRT) (Figure 3; McCaffrey and Braakman, 2016). The choice between the two pathways appears to be dictated by proximity of glycans to the amino-terminus of the protein, although both pathways can act cooperatively (Molinari and Helenius, 2000). The classical chaperone folding pathway comprises of members of the heatshock protein family, such as Binding-immunoglobulin protein (BiP), which bind to hydrophobic stretches of protein to assist with folding and to prevent protein aggregation (Adams et al., 2019). In contrast, both CNX and CRT recognize glycans directly (Hammond et al., 1994). Although their substrate recognition is essentially the same, CNX is associated with the ER membrane whereas CRT is soluble (Wada et al., 1995). Accordingly, CNX generally preferentially associates with transmembrane glycoproteins. CRT in contrast, typically participates in the folding of soluble glycoproteins, although it is noted that the proximity of glycans to the membrane may also influence the choice of the 2 chaperones (Hebert et al., 1997).
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FIGURE 3. Chaperone-mediated folding of viral glycoproteins in the ER. Following translation, the nascent protein enters into the ER through the translocon pore (SEC61) and is glycosylated by the membrane-bound oligosaccaryltransferase complex. Processing of the glycan by α-glucosidase I (GI), to remove the outermost glucose residue, enables recognition by Malectin. The removal of a second glucose yields a monoglucosylated structure that is the substrate for the lectin binding chaperones: calnexin (CNX) and calreticulin (CRT). These chaperones recruit other folding partners, such as the oxidoreductase ERp57, to support glycoprotein folding. Once the glycoprotein is appropriately folded the final glucose is removed by GII to release the protein from the CNX/CRT folding cycle. The glycoprotein can then traffic into the Golgi apparatus for further modifications, including proteolytic cleavage and glycan maturation. In contrast, aberrantly-folded glycoproteins are reglucosylated by UDP:glucose glycoprotein glycosyltransferase (UGGT) causing their retention in the CNX/CRT folding pathway for another round of chaperone-mediated folding. Terminally misfolded proteins are eventually targeted for Endoplasmic reticulum-associated degradation (ERAD) to prevent misfolded proteins progressing through the secretory pathway. A single glycan is depicted for simplicity.


Glycan processing co-ordinates the sequential interaction of the glycoprotein with different folding partners in the CNX/CRT folding cycle. The removal of the first glucose by α-glucosidase I enables recognition of the di-glucosylated glycan (Glc2Man9GlcNAc2) by malectin, which acts in concert with ribophorin I to prevent the secretion of misfolded proteins (Schallus et al., 2008; Chen et al., 2011; Takeda et al., 2014). This is followed by the removal of a second glucose by α-glucosidase-II, resulting in recognition of the monoglucosylated sugar (GlcMan9GlcNAc2) by CNX and CRT (Hammond et al., 1994). The association of the glycoprotein with CNX/CRT promotes folding and disulfide bond formation through interaction with various foldases (Schrag et al., 2003). These include oxidoreductases such as protein disulfide isomerase and ERp57, and peptidylproline isomerases, such as cyclophilin B (Molinari and Helenius, 1999; Oliver et al., 1999; Kozlov et al., 2010). Removal of the final glucose by α-glucosidase-II releases the glycoprotein from the CNX/CRT folding cycle allowing the protein to continue its progress along the secretory pathway (Hebert et al., 1995). Misfolded glycoproteins, however, are reglucosylated by UDP-glucose: glycoprotein glycosyltransferase (UGGT) targeting them back into the CNX/CRT pathway for another round of chaperone-mediated folding (Sousa and Parodi, 1995; Ritter and Helenius, 2000). Proteins that are unable to assume their correct conformations are eventually targeted for ER-associated degradation (ERAD). Aberrantly folded proteins are distinguished from well-folded proteins by sequential mannose trimming, conducted by ER α-mannosidase I (ERManI) and ER-degrading α-enhancing-mannosidase-like proteins (EDEM 1–3) (Caramelo and Parodi, 2015).

Whilst these carbohydrate-driven folding and quality control pathways are present in plants, it is unclear how their divergence from mammals could impact the folding of complex viral glycoproteins. The observation that low viral glycoprotein accumulation in plants is often associated with tissue necrosis suggests that the plant cellular machinery may not always support the efficient folding of these proteins. It was therefore proposed that the endogenous plant chaperone machinery was incompatible with the folding of certain viral glycoproteins (Margolin et al., 2018). Although this may be true to some extent, it is also overly simplistic as viral glycoprotein folding is also reliant on early events in the glycosylation pathway (preceding chaperone-mediated folding), and proteolytic processing which occurs later in the Golgi apparatus. Unsurprisingly, in silico analyses have highlighted considerable sequence divergence of plant homologs from human chaperones that are known to mediate glycoprotein folding (Margolin et al., 2020b).

Based on this observation, the expression of several human chaperones was explored to improve the production of a soluble HIV envelope gp140 antigen in N. benthamiana. Early attempts to express the protein resulted in low yields and the purified antigen was prone to forming aggregates which were poorly resolved by SDS-PAGE (Margolin et al., 2019). Following the co-expression of human CRT, an approximately 13-fold increase in relative expression of the antigen was observed, although the levels of unresolved protein aggregates also appeared to increase proportionately (Margolin et al., 2020b). Encouragingly, following co-expression of the chaperone, both the necrotic phenotype and representative markers of ER-stress were reduced (Margolin et al., 2020b). Further work is still needed to determine the impact of the co-expressed chaperone on protein antigenicity—based on reactivity with human-derived monoclonal antibodies—and immunogenicity in vaccinated animals. A similar increase in protein accumulation was also observed when CRT was co-expressed with other soluble viral glycoproteins. In several instances this enabled the production of glycoproteins which could not be expressed at detectable levels in the absence of the co-expressed chaperone. These include glycoproteins from Rift Valley fever virus, chikungunya virus and Epstein-Barr virus (Meyers et al., 2018; Margolin et al., 2020b). This approach has also been applied to producing recombinant antibodies, although the impact was more modest (Meyers et al., 2018; Göritzer et al., 2020).

Lastly, the co-expression of human chaperone proteins has also been combined with furin expression to accommodate glycoprotein processing in N. benthamiana, and this could similarly be applied to other proteases that are required for viral glycoprotein maturation if they do not occur in plants, or if the endogenous levels are too low to exert the desired effect (Figure 2B; Margolin et al., 2020b). An alternate approach to co-expressing furin, is to replace the cleavage site with a flexible linker, which has been shown to promote the assembly of native-like HIV envelope trimers in mammalian production systems (Georgiev et al., 2015; Sharma et al., 2015; Sarkar et al., 2018). This approach has recently been explored to producing cleavage-independent viral glycoproteins in plants, but further work remains to determine how closely they resemble their mammalian cell-produced counterparts (Margolin et al., 2019, 2020b).



CONCLUSION

The advanced progress toward licensure of Medicago’s seasonal influenza vaccine and recent progress in the production of plant-produced SARS-CoV-2 vaccine candidates has resulted in growing recent interest in plant molecular farming of viral glycoproteins (Medicago, 2019). These examples represent pivotal landmarks in the field that highlight the potential of the platform for rapid large-scale production and translation into clinical development. Importantly, they confirm that, despite the differences in the plant cellular machinery compared to mammalian cells, efficacious vaccines can be produced in the system—and usually at a lower cost of materials. In addition to these developments, various host engineering approaches have also been conceived to accommodate certain PTMs, and other processing events, which would not otherwise occur appropriately in plants (Margolin et al., 2020c). These have enabled the successful production and processing of viral glycoproteins which previously could not be produced in plants (Margolin et al., 2020b). However, the production of many other complex viral glycoproteins in plants remains a challenge, and may require further humanization of the biosynthetic machinery to produce feasible vaccine immunogens. Addressing under-glycosylation and different glycan processing events will probably constitute a critical component of this endeavor. Fortunately, many of these approaches have already been developed for other biopharmaceutical products, and could easily be applied to these targets (Margolin et al., 2020c).

In conclusion, the molecular farming of viral glycoproteins is gathering momentum, and the integration of glycoengineering and other host engineering approaches will be an important focus in addressing the production of next-generation glycoprotein vaccines where they are most needed.
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The predominant Fascilin 1 (FAS1)-containing proteins in plants belong to the Fasciclin-Like Arabinogalactan-protein (FLA) family of extracellular glycoproteins. In addition to FAS1 domains, these multi-domain FLA proteins contain glycomotif regions predicted to direct addition of large arabinogalactan (AG) glycans and many contain signal sequences for addition of a glycosylphosphatidylinositol (GPI)-anchor to tether them to the plasma membrane. FLAs are proposed to play both structural and signaling functions by forming a range of interactions in the plant extracellular matrix, similar to FAS1-containing proteins in animals. FLA group B members contain two FAS1 domains and are not predicted to be GPI-anchored. None of the group B members have been functionally characterized or their sub-cellular location resolved, limiting understanding of their function. We investigated the group B FLA16 in Arabidopsis that is predominantly expressed in inflorescence tissues. FLA16 is the most highly expressed FLA in the stem after Group A members FLA11 and FLA12 that are stem specific. A FLA16-YFP fusion protein driven by the endogenous putative FLA16 promoter in wild type background showed expression in cells with secondary cell walls, and FLA16 displayed characteristics of cell wall glycoproteins with moderate glycosylation. Investigation of a fla16 mutant showed loss of FLA16 leads to reduced stem length and altered biomechanical properties, likely as a result of reduced levels of cellulose. Immuno-labeling indicated support for FLA16 location to the plasma-membrane and (apoplastic) cell wall of interfascicular stem fiber cells. Together these results indicate FLA16, a two-FAS1 domain FLAs, plays a role in plant secondary cell wall synthesis and function.

Keywords: cell wall, glycoprotein, fasciclin-like arabinogalactan-protein, stem, biomechanics


INTRODUCTION

Arabinogalactan-proteins (AGPs) are cell wall glycoproteins with highly complex and diverse structures with potential roles in signaling. Some of the many roles attributed to AGPs include hormone signaling, cell expansion and division, embryogenesis of somatic cells, differentiation of xylem, responses to abiotic stress, plant growth and development (Seifert and Roberts, 2007; Ma et al., 2018). These studies suggest that they are multifunctional, similar to what is found in mammalian proteoglycans/glycoproteins (Filmus et al., 2008; Schaefer and Schaefer, 2010; Tan L. et al., 2012). The Fasciclin-Like AGP (FLA) sub-class of AGPs are characterized by the presence of Fasciclin1 (FAS1) domains in addition to the AGP motifs in their protein backbones. FAS1 proteins were initially identified in grasshopper growth cones and fasciculating axons (Bastiani et al., 1987). Since this discovery FAS1 domains have been identified in proteins across all kingdoms from a broad spectrum of taxonomic classifications, including insects (Elkins et al., 1990), humans (Horiuchi et al., 1999; Gonzalez-Gonzalez and Alonso, 2018), bacteria (Ulstrup et al., 1995; Moody and Williamson, 2013), fungi (Miyazaki et al., 2007), algae (Huber and Sumper, 1994), and plants (Johnson et al., 2003; Seifert, 2018; Shafee et al., 2020). Fasciclin domains are associated with cell adhesion functions and occur predominantly in proteins predicted to be located in the extracellular space. FAS1-containing proteins play critical roles in the structure, function and development of organisms (Seifert, 2018). In humans, periostin and transforming growth factor-β-induced protein (TGFβI) are two of the best characterized FAS1 domain-containing proteins due to their medical implications in conditions such as wound responses, bone regeneration, corneal dystrophies, and cancer (Mosher et al., 2015; Walker et al., 2016; Gonzalez-Gonzalez and Alonso, 2018).

In plants, FLAs are the predominant FAS1-containing proteins and may play parallel roles to that in animals with both structural and signaling functions (Johnson et al., 2003). The presence of either single and/or multiple AGP or FAS1 domains in FLAs opens the potential for a range of putative interactions, similar to that which occurs in mammalian FAS1 proteins. Support for some FLAs being glycosylated with AG glycans was shown by their interaction with β-glucosyl Yariv reagent that selectively precipitates AGPs (Johnson et al., 2003; Sato et al., 2018). Immunoprecipitation of Arabidopsis FLA4 showed it can be labeled with AGP-specific antibodies and is observed at a higher molecular weight than predicted by the protein backbone alone (Xue et al., 2017). The AG-glycans are likely to display structural heterogeneity, thereby providing enormous potential to act in molecular recognition and signaling pathways (Baldwin et al., 2001; Tan H. et al., 2012). FLAs are also predicted to be post-translationally modified to include N-glycosylation in the FAS1 domain and many FLA members predict a C-terminal GlycosylphosphatidylInositol (GPI)-anchor. GPI-anchors lead to attachment to the outer leaflet of the plasma membrane facing the apoplastic space/cell wall (Muniz and Zurzolo, 2014), have the potential to be cleaved by phospholipases to release the proteins into the extracellular space (Udenfriend and Kodukula, 1995; Borner et al., 2003), and are implicated in signaling pathways. Support for FLAs in the apoplast is shown by proteomic data of adherent and non-adherent seed mucilage that identified FLA10 and FLA17 (Tsai et al., 2017) and FLA4-citrine was detected in the mucilage pocket prior to mucilage extrusion (Griffiths et al., 2016). Sub-cellular localization of FLA4-CFP in roots and GFP-FLA3 in hypocotyl cells of Arabidopsis suggest they are primarily located at the plasma membrane and that the GPI-anchor influences this location (Li et al., 2010; Xue et al., 2017), suggesting release into the apoplast can be both tissue and developmental dependent. By means of pair-wise sequence comparisons of the predicted proteins, the 21 Arabidopsis FLAs were grouped into 4 sub-groups (A-D) based on structural similarity (Johnson et al., 2003). All group A and C members are predicted to be GPI-anchored whereas all of group B and three members of group D are not predicted to be GPI-anchored. Detailed bioinformatic characterization of FLA sequences has revealed further distinguishing features within these groups, including 19 fasciclin and 10 distinct AG types (Shafee et al., 2020). A strong correlation between sequence features was found, for example, the fasciclin domain type strongly predicts N-glycosylation site position and GPI anchor presence and is also highly predictive (45%) of the type of AG glycomotifs (Shafee et al., 2020). The group B FLAs in Arabidopsis (FLAs 15, 16, 17, 18) were found to contain fasciclin types R-H which has a strong co-occurrence with specific types of AG and non-AG regions. None of the group B members have been functionally characterized and the role of these glycoproteins in the apoplast remains unknown. Additionally, the specific functions and potential cooperation between the different domains in FLAs remains largely unexplored (Shi et al., 2003; MacMillan et al., 2010; Johnson et al., 2011). A study of FLA4 has provided the first comprehensive study of the functional domains (Xue et al., 2017). Removal of the GPI-anchor did not affect function, the C-terminal (but not N-terminal) FAS1 motif was essential for function and the O- and N-glycosylation impacted molecular trafficking (Xue et al., 2017).

Bioinformatic studies have identified FLA sequences throughout the plant kingdom, from algae to eudicots. FLAs belong to multigene families, for example, 21 FLA members have been identified in the Arabidopsis genome, 24 in rice (Oryza sativa), 34 in wheat (Triticum aestivum), and 18 in Eucalyptus (Eucalyptus grandis) (Schultz et al., 2002; Johnson et al., 2003; Faik et al., 2007; MacMillan et al., 2015; Ma et al., 2017). The function of FLAs has largely been inferred through phenotypes attributed to the respective fla mutants. In Arabidopsis, fla1 mutants have reduced ability to undergo shoot regeneration in in vitro experiments (Johnson et al., 2011), RNA interference and overexpression of FLA3 suggest a specific role in pollen development (Li et al., 2010), a salt overly sensitive 5 (sos5) mutant was identified as a mutation in the gene encoding FLA4 (Shi et al., 2003), and fla9 mutants show increased seed abortion in response to drought (Cagnola et al., 2018). Glycosylation of FLA4 has been proposed to be important for mediating root growth (Xue et al., 2017). In plants, one proposed function of the AG glycans of AGPs is to cross-link wall polysaccharides (Kjellbom et al., 1997). This was confirmed for ARABINOXYLAN PECTIN ARABINOGALACTAN PROTEIN1 (APAP1) which was shown to be covalently cross-linked to both pectins and arabinoxylans (Tan et al., 2013). When and how frequently such attachments occur is unclear and requires much more knowledge of both the glycan and fasciclin domain structures of individual AGPs. FLAs are suggested to influence the organization of cell wall polysaccharides such as cellulose and pectins leading to alterations in wall properties and impacts on plant growth (MacMillan et al., 2010; Griffiths et al., 2016). FLAs are also suggested to interact with signaling proteins such as RLKs to activate signaling pathways to ensure wall integrity (Basu et al., 2016). Genetic interaction studies of fla4/sos5 and mutants in the cell wall receptor-like kinases, FEI1/FEI2 suggest they function in a linear pathway during root development (Basu et al., 2016; Griffiths et al., 2016).

A subset of FLAs have been shown to be specifically expressed in cells with secondary walls in stems and fibers in several different species. The secondary walls of plant stems provide mechanical strength that enable plants to maintain an upright habit. Factors that influence stem strength are of interest for reducing crop losses in windy and stormy conditions and/or for enhancing fiber quality in textile and wood industries. Arabidopsis FLA11 and FLA12 (group A members) were shown to be the most highly expressed of all FLAs in the inflorescence stem (MacMillan et al., 2010) and homologs identified in other species such as Eucalyptus, Zinnia and Populus also show predominant expression in the stem (Dahiya et al., 2006; Dharmawardhana et al., 2010; MacMillan et al., 2015). Studies of the stem-specific FLAs suggest they function in maintaining stem biomechanical properties via regulation of wall architecture and/or biosynthesis (MacMillan et al., 2010, 2015; Wang et al., 2015). FLAs have also been shown to regulate non-lignified secondary walls, with functions in elongation and strengthening in cotton seed fibers and the bast fibers in hemp stems (Huang et al., 2013; Guerriero et al., 2017; MacMillan et al., 2017).

Investigation of fla11fla12 double mutants showed a reduction in tensile strength and stiffness of stems, increased cellulose microfibril angle (MFA) and reduced cellulose, galactose and arabinose content (MacMillan et al., 2010). Despite differences in the biomechanical properties in stems, no overall change in plant morphology was observed in fla11fla12 mutants suggesting further redundancy with other FLA members. Amongst all the FLAs, FLA16, is considered a good candidate given it is the most highly expressed FLA in the stem after FLA11 and FLA12 (MacMillan et al., 2010). Since the biological role(s) of FLA16 in Arabidopsis are unknown, in this study, a fla16 mutant was investigated to determine if FLA16 plays a role in stem development.



MATERIALS AND METHODS


Sequence Analysis

Fasciclin-like arabinogalactan-protein sequences within the R-H family (as defined in Shafee et al., 2020) were isolated from the sequence set described in that work. The Fasciclin domains (regions matching the Pfam PF02469 Hidden Markov Model) of those sequences were extracted. A separate phylogeny was generated for the R-type and for the H-type domains [JTT + I + G4 model identified via IQtree ModelFinder (Kalyaanamoorthy et al., 2017); Maximum-likelihood, 1000-bootstrap tree calculated via RaxML (Stamatakis, 2014)]. The two phylogenies were compared via a tanglegram generated by Dendroscope3 (Huson and Scornavacca, 2012).



Plant Material and Growth Conditions

Wild type Arabidopsis thaliana (Columbia-0 ecotype; WT) and fla16 (SALK_131248) were obtained from the Arabidopsis Biological Resource Centre (ABRC). Plants were grown in either soil in jiffy pots (Garden City, Australia) or on 1/2 MS plates in long day conditions, 16 h light/8 h dark at 21°C in controlled growth chambers (Conviron, Canada) with 50% humidity and fluorescent lighting 190 ± 30 μmol m–2 s–1. Analysis of stem morphology (see Table 1) was determined in 68 biological replicates (total stem and first internode length) or 33 biological replicates (transverse stem area) for fla16 and WT. Stem length measurements of fla16 complementation lines (pFLA16:FLA16 and pFLA16:FLA16-VH) was determined for four independent transformed lines with 10 biological replicates for each line.


TABLE 1. Measurement of stem morphology of WT and fla16 stems at maturitya.
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Dark Grown Hypocotyl and Isoxaben Treatment

Arabidopsis seeds were plated on 1/2 MS plates either containing the herbicide isoxaben (Sigma #36138) (2 nM) or plates lacking isoxaben (control). The plates were wrapped three times in aluminum foil sheets to block light and stratified at 4°C for 3 days prior to removal of the foil and light treatment for 4 h at room temperature (RT). The plates were then re-covered in foil and transferred to a growth chamber and maintained in the dark at 21°C for 4 days. Three replicate plates were investigated for each treatment with 40–60 individual plants investigated for each line.



Quantitative Real Time PCR (Q-PCR)

RNA was isolated from approximately 100 mg of fresh plant material using a RNeasy Plant Mini Kit (Qiagen 74904). Investigation of FLA16 transcripts in WT tissues were taken from plants at growth stage 6.5. Q-PCR analysis of FLA16 and CESAs in stem tissue was investigated in the basal 10 cm stem of plants at growth stage 6.5. DNase treatment was carried out using a DNase I kit (Invitrogen #18068-015) and complementary DNA (cDNA) synthesized from 1 μg of RNA using a SuperScript III Reverse Transcriptase kit (Invitrogen #18080-093). An absolute quantitative method adapted from Burton et al. (2004) was used with three biological and three technical replicates. For quantification of FLA16 transcripts in pFLA16:FLA16 and pFLA16:FLA16-VH complementation and reporter lines, two independent transformed lines with three biological repeats were investigated. Primers are listed in Supplementary Table S4. Transcript levels were normalized with three housekeeping genes, Tubulin, Cyclophylin, and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). DNA standards for each primer were prepared according to Burton et al. (2004). Q-PCR reactions were performed with the KAPA SYBR FAST Q-PCR Kit Master Mix (2×) Universal (Kapa Biosystems, #KK4601) in a Bio-Rad CFX384 Real-Time System (Bio-Rad).



Generation of YFP Protein Fusion Constructs

Fasciclin-like arabinogalactan-protein 16 complementation and reporter constructs were generated using Seamless Cloning with a NEBuilder®HiFi DNA Assembly kit (New England BioLabs #E5520) as per the manufacturer’s instructions. Primers used for DNA amplification are listed in Supplementary Table S4 and cloned into the pGreen II vector. The putative FLA16 promoter included a 2341bp fragment upstream of the FLA16 coding region. Overlapping with the FLA16 coding region and the promoter region closest to the start codon, is a natural antisense transcript (AT2G35859). Constructs were introduced into Arabidopsis using the floral-dip method as outlined in Weigel and Glazebrook (2006). Transformed plants were selected using BASTA. Between 3 and 5 independent transformed lines were verified using BASTA selection and genotyping until homozygous for the transgene (T3 generation). For lines with YFP fusion constructs, protein blotting and imaging of YFP fluorescence were also used to validate transformants.



Confocal Laser-Scanning Microscopy

Fluorescence microscopy of fresh tissue, either whole mount or transverse sections, was carried out on a Leica SP5 microscope (Leica Microsystems, Germany). Laser beam lines exciting at 514 nm were employed for the VENUS yellow fluorescent protein (YFP), and fluorescence emitted between 520 and 530 nm was captured. Images were analyzed with Leica LAS Lite software and images processed with Fiji (Schindelin et al., 2012). Three independent pFLA16:FLA16-VH transformed lines and three biological repeats for each line were imaged.



Protein Extraction and Blotting

Stem tissue (approximately 5 g from 50 plants for two independent transformed pFLA16:FLA16-VH lines) was homogenized in protein extraction buffer (100 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40 and cOmplete Protease inhibitor, Roche # 11697498001) in an ice bath, with a ratio of tissue to buffer of 0.5 g/mL. The homogenate was rotated end-to-end at 4°C for 1 h. The mixture was filtered through Miracloth (Merck Millipore #475855) and the liquid centrifuged at 10,000 g, at 4°C for 10 min to pellet cell wall extracts. The supernatant was used for mixed membrane extraction. Cell wall material was resuspended in protein extraction buffer (Wall), centrifuged again and resuspended in protein extraction buffer with 1% SDS (Wall SDS).

Mixed membranes (MMs) were prepared according to Doblin et al. (2009), the supernatant after centrifugation (100,000 g) constituted the cytoplasmic fraction. Microsomes were re-suspended in a minimal amount of 50 mM Tris–HCl (∼0.5–1 mL) containing complete EDTA-free proteinase inhibitor (Roche #11836170001). Microsomes were then resuspended in additional buffer containing 1% SDS. FLA16-HV proteins were enriched using the immunoaffinity of YFP to bind anti-GFP antibodies coupled to agarose beads (GFP-Trap, Chromotek, #gta-20). Proteins were separated on Mini-PROTEIN® TGX Stain-FreeTM Gels (Bio-Rad #456-8094) and subsequently transferred in an iBlot® 2 Gel Transfer Device (Thermo Fisher #IB21001) to a nitrocellulose membrane (Thermo Fisher #IB23001). FLA16-VH detection was performed with anti-GFP primary antibody (Chromotek #GTA-10) and goat anti-mouse horse radish peroxidase (HRP) conjugated secondary antibody (Thermo Fisher #31430). Chemiluminescent signals were detected by a ChemiDocTM MP Imaging System (Bio-Rad #170-8280).



Histology

Arabidopsis stem tissues were hand-sectioned to a thickness of approximately 2 mm and fixed according to the protocol outlined in Wilson et al. (2012). Stems embedded in LR white were sectioned (500 μm) and stained with toluidine blue as previously described (Chateigner-Boutin et al., 2014). Hand-sections of fresh stems (approx. 0.5 mm) were stained with Toluidine blue (0.5%) solution and Mäule staining (Pradhan Mitra and Loque, 2014).

Fixed stem sections were examined under a Leica DM6000 B compound microscope (Leica Microsystems, Germany) and images captured by a Leica DFC450 C camera (Leica Microsystems, Germany). Images were analyzed using Image J (Schneider et al., 2012). For area measurements the stem circumference was traced, and area calculated using Image J plugin. For tissue area measurements transverse sections of fixed material were divided into several regions including: (1) cortex, (2) pith, and (3) intra-vascular region which consisted of interfascicular fiber, phloem, cambium, and xylem cells. These were traced and area calculated using Image J for six biological replicates with two technical replicates each line. Cell number was determined by counting the total number of cells in transverse sections of 4–6 independent biological replicates with two technical replicates each. All cells (1000–1200) within a stem transverse section (imaged at x200) were counted for the different tissue types. Cell size was determined by dividing the tissue area by the number of cells. Cell wall thickness of IF fibers was determined from transverse sections of fixed material by measuring the length between adjacent IF cells from lumen to lumen and dividing by two. Eighty wall lengths were measured for three biological samples with two technical replicates each.



Transmission Electron Microscopy

The protocol for preparation of plant cells for TEM was adapted from Wilson and Bacic (2012). Stems embedded in LR White were sectioned using a Leica UC7 Ultramicrotome (Leica Microsystems, Germany) to a thickness of 90 nm. Sections were collected on formvar coated copper grids (Microscopy Solutions, Australia). Grids were stained using a mouse anti-6x-His tag primary antibody (Thermo Fisher #14-6657-80) diluted 1:100 (control grids with no primary antibody were also prepared), and 18 nm goat anti mouse 18 nm gold conjugated secondary antibody (Jackson ImmunoResearch #115-215-146) at 1:10 dilution. Grids were post-stained using 2% uranyl acetate for 5 min and Reynold’s lead citrate for 1 min.

The grids were viewed using a Joel JEM-2100 transmission electron microscope equipped with a Gatan Orius SC 200 CCD camera. Image analysis was performed with ImageJ software to measure gold density. The amount of gold per 1 μm2 was measured as the total number of gold in the cytoplasm or cell wall divided by the area. For PM, 1 μm2 was calculated as the area 0.05 μm either side of the PM. Two independent pFLA16:FLA16-VH transformed lines with two biological replicates each were investigated.



Chemical Analysis of Alcohol-Insoluble Residue (AIR) Cell Wall Material

Alcohol-insoluble residue material was prepared as described in Pettolino et al. (2012) which was adapted from Sims et al. (1996) as well as Kim and Carpita (1992). The acetic/nitric protocol for analysis of crystalline cellulose was adapted from Updegraff (1969). Linkage analysis was performed as outlined in Pettolino et al. (2012). Two (fla16) or three (WT) biological replicates were analyzed with two technical replicates each for linkage and acetic/nitric determination. Crystalline cellulose determination in stems of complementation lines of the fla16 mutant with pFLA16:FLA16 or pFLA16:FLA16-VH were analyzed in two independent transformed lines with three biological replicates each.



Measurement of Biomechanical Properties of the Stem

Three-point flexural and tensile and tests were carried out by a 4500 series Instron universal testing machine (series IX automated materials testing system)1 as described by MacMillan et al. (2010). The modulus of elasticity (stiffness) was calculated using Hooke’s law whereas flexural three-point bending stiffness and strength were calculated via standard equations (MacMillan et al., 2010). Tensile strength was calculated as the maximum load needed to break the stem within the gauge length, and this was divided by the cross-sectional area of the stem (MacMillan et al., 2010). Six or twelve biological repeats were investigated for each line.




RESULTS


FLA16 Is Predominantly Expressed in Inflorescence Stems

Group B members contain fasciclin domain types R-H, with R being one of the most basal fasciclin domain types and present in algal FLAs. Fasciclin type H first appeared in land plants (embryophytes) and is almost exclusively associated with type R (Shafee et al., 2020). In addition to the very strong co-evolution of R and H fasciclin domains, robust association of specific types of AG and non-AG regions also occurs in the Group B FLAs and this is very stable compared to other FLA members (Shafee et al., 2020). Phylogenetic analysis of fasciclin types R-H confirmed the stability of the relationship in a diverse range of plant species (Supplementary Figure S1). Group B FLAs in Arabidopsis consists of four members, FLA15, FLA16, FLA17, and FLA18. The expression profiles of FLA15, FLA16, and FLA18 (FLA17 not available) in the Arabidopsis Atlas eFP browser (Klepikova et al., 2016) shows they are expressed throughout plant development. FLA16 was the most highly expressed group B FLA in stem tissue (Supplementary Figure S2) and given FLAs have previously been shown to function in stem biomechanics (MacMillan et al., 2010, 2015) we chose to investigate FLA16 in more detail. FLA16 was expressed in a range of tissues at low levels with highest expression in the hypocotyls of young seedlings, stem, flowers and silique. To confirm the levels of FLA16 transcript abundance, Q-PCR was undertaken using a range of Arabidopsis tissues. These included the root, rosette leaf, cauline leaf, basal-, mid- and upper-region of stems, flower and silique (Figure 1A). Transcripts of FLA16 were predominantly found in inflorescence tissues, including the stem, branch, flower and silique.
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FIGURE 1. Transcript levels of FLA16 and visualization of pFLA16:FLA16-VH in stems of Arabidopsis. (A) Q-PCR analysis of FLA16 transcript levels in Arabidopsis tissues at maturity (growth stage 6.5) (Boyes et al., 2001). Transcript levels were determined relative to DNA standards of known concentration and normalized with GAPDH, tubulin, and cyclophilin housekeeping genes (Czechowski et al., 2005). N = 2 independent experiments with two biological replicates, data represented as mean ± SE. (B–G) Visualization of YFP in WT (B,C) and plants expressing pFLA16:FLA16-VENUS-HIS (VH) in WT background. Representative images are shown based on investigation of three independent transformed lines. Merged image of YFP, autofluorescence (red) and light channels in transverse sections of mature stems at the first internode (B–E), branch (F,G), and fully elongated silique (H,I). White boxes indicate position of tissue magnified in (C,E,G,I). YFP signal was observed in cells with secondary cell walls, including interfascicular fiber (IF) and xylem (Xy) in stems and branches. White signal in (E,G) shows saturated signal. In siliques YFP is observed in the endocarp b (En b) layer, vascular bundle (VB) and replum (R) regions, as well as the seed coat (S). Scale bar = 100 μm.


To facilitate visualization and biochemical analyses of FLA16, YFP fusion proteins were generated. The predicted protein backbones of FLA16 consists of a domain structure with a signal peptide, 2 FAS domains, a central AGP-like domain and no GPI signal sequence (Supplementary Figure S3). The coding region of FLA16 was fused to the enhanced yellow fluorescence protein variant, Venus (V) and poly-histidine (HIS/H) sequences at the C-terminus. This construct was driven by the predicted endogenous FLA16 promoter (pFLA16:FLA16-VH) (Supplementary Figure S3).

Arabidopsis wild-type (WT) plants expressing pFLA16:FLA16-VH were examined using confocal microscopy to visualize YFP fluorescence. In transverse-sections of fresh stems from WT, no YFP signal was detected (Figures 1B,C). In pFLA16:FLA16-VH lines, a strong YFP signal was seen in cells with secondary walls such as the interfascicular fibers, xylem vessels, sclereids within the phloem, and endodermal cells adjacent to interfascicular fibers (Figures 1D,E). No YFP signal was detected in cells with primary walls, that is, the epidermis, cortex and pith (Figures 1D,E). The expression of pFLA16:FLA16-VH was also investigated in other tissues. In branches, a strong YFP signal was observed in cells with secondary walls, similar to that seen in the main stem (Figures 1F,G). Transverse sections of mature siliques showed YFP present in the endocarp b layer and replum (Figures 1H,I). A weak YFP signal was also seen in pFLA16:FLA16-VH lines in the developing seeds (Figure 1I). These results suggest FLA16 is predominantly located in cells with secondary walls in inflorescence tissues.



Identification and Characterization of a fla16 Mutant

A T-DNA insertion in the intron of the FLA16 gene was identified in the Arabidopsis SALK collection (SALK_131248) (Supplementary Figure S4A). The insertion in FLA16 was confirmed using PCR genotyping and Q-PCR of FLA16 transcripts in the stem tissue. The expression levels of FLA16 in the fla16 mutant was 21% of the wild-type (WT) levels suggesting this was a severe knock-down mutant line (Supplementary Figure S4B). The fla16 mutant was investigated for phenotypic differences in growth and development compared to WT plants. The timing of selected growth stages was analyzed in fla16 compared to WT plants according to the method of Boyes et al. (2001). No obvious differences in growth of seedlings was observed (Supplementary Figure S5A). The number of rosette leaves and timing of bolting and appearance of the first flower were assessed. At flowering, fla16 had fewer rosette leaves and an earlier bolting time of 3 days but showed no difference in the time of first flower emergence (Supplementary Figure S5B and Supplementary Table S1).

Due to the expression of pFLA16:FLA16-VH in fiber cells in stems/branches, the stem length and area of fla16 mutants was of interest. Length of the total stem and first internode were measured in plants at maturity (growth stage 6.5) grown in long day conditions (Table 1). For area measurements, the base and first node positions were chosen as two developmentally comparable regions. The fla16 mutant was shown to develop a shorter stem with a significant reduction in the length of both the total stem and first internode (Table 1 and Figure 2). The average total stem length of fla16 mutants was reduced by 25%, and the first internode length was reduced by 54% compared to WT. In addition to changes in the stem length, fla16 mutants have thinner stems. The average stem area of fla16 mutants was reduced by 14% and 31% at the base and first node, respectively, compared to WT (Table 1).


[image: image]

FIGURE 2. Stem phenotypes of WT and fla16 mutants at maturity. (A) Representative image of WT and fla16 mutants grown to post-maturity [growth stage 6.9 (Boyes et al., 2001)] shows the reduced total stem and first internode lengths of fla16 compared to WT. Toluidine blue staining of transverse sections of stems of WT (B,D,F,H) and fla16 (C,E,G,I) at the base and first internode in mature stems (growth stage 6.5) shows the reduced stem diameter in fla16 compared to WT and no obvious differences in cellular organization. Epidermis (Ep), cortex (Co), phloem (Ph), interfascicular fiber (IF), and Xylem (Xy). Scale bar = 2 cm in (A), 500 μm in (A,B,F,G) and 50 μm in (D,E,H,I).


Transverse sections of fresh tissue from the base and first node of the stem were stained with toluidine blue and Mäule’s staining for cell wall polysaccharides and lignin, respectively, to determine if any obvious morphological differences in either primary or secondary cell wall morphology occurs in fla16 compared to WT (Supplementary Figure S6). In addition, histological analyses of transverse sections of fixed stem material (growth stage 6.5) were undertaken (Figure 2A). No obvious cellular morphological differences between fla16 and WT were observed. Analyses of tissue area in transverse sections revealed that pith area was significantly reduced in the base (30%) and first node (38%) of fla16 compared to WT, whereas no significant difference was detected in cortex area. The fla16 stem showed a significantly reduced vascular region area [consisting of interfascicular fibers (IF), phloem, cambium, and xylem cells; 32%] at the first node but not the base (Table 2).


TABLE 2. Analysis of tissue and cellular morphology in mature stems of WT and fla16 plantsa.
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Analysis of cell size for epidermal, cortex, IF, xylem vessel, and pith cells were undertaken using transverse sections. Significantly smaller pith cells in the first node but not the base was observed for fla16 mutants. Other cell types examined, including epidermal, xylem vessel, and IF cells, did not show statistically significant differences in size at both stem positions. A count of the average cell number from five transverse sections was determined for the pith, interfascicular fiber and xylem vessel cells (Table 2). The total number of pith cells observed in the base and first node revealed fla16 had significantly fewer pith cells than WT. In addition, the fla16 stem showed a significant reduction in the number of IF cells at the first node. This suggested that the reduction in pith number in fla16 compared to WT is the major cause of the reduced stem area at the base (Table 2). At the first node, reduced cell size and number of pith cells as well as reduced number of interfascicular fiber cells contributes to a reduced stem area. As FLA16 is expressed in cells making secondary walls, contains a N-terminal secretion signal and is not predicted to be GPI-anchored, the expected location is in the apoplast. The fla16 mutant was therefore investigated for differences in IF wall thickness. The thickness of walls between IF cells closest to the cortex was calculated for the base and first node. No differences in wall thickness was observed (Table 2).



FLA16 Is Moderately Glycosylated and Present in Secondary Cell Walls in the Arabidopsis Stem

The post-translational modifications (PTMs) and sub-cellular localization of FLA16 was investigated in WT plants expressing pFLA16:FLA16-VH. As FLA16 is not predicted to contain a GPI-anchor, but does contain a predicted signal peptide, the expected location of FLA16 would be in the cell wall. Proteins extracted from stem tissue were separated into wall, microsomal/mixed membrane (MM), and cytoplasmic fractions. An antibody raised against the PM localized H-ATPase (Hayashi et al., 2010) was used to investigate PM enrichment and an anti-GFP antibody that cross reacts with YFP (see “Materials and Methods”) was used to detect the presence of the FLA16-VH fusion proteins. FLA16-VH was detected in wall and MM fractions when SDS was present in the extraction buffers (Figure 3A). SDS was used to solubilize proteins that may be bound in the wall or membrane (Feiz et al., 2006). FLA16-VH was not detectable in the cytoplasmic fraction. The anti-H-ATPase antibody showed the H-ATPase PM marker was present in SDS fractions from both the wall and MM. This is due to cross-contamination of PM in wall fractions (Cho et al., 2015; de Michele et al., 2016; Durufle et al., 2017; Figure 3A). The size of FLA16-VH proteins detected on Western blots was approximately 90 kDa with an additional faint band at 60 kDa (Figure 3A). The predicted size of FLA16-VH proteins is 74.7 kDa. This suggests the 90 kDa form contains PTMs and the 60 kDa is potentially a proteolytically processed form of the FLA16-VH. The protein encoded by FLA16 predicts two N-linked glycans, one in each of the fasciclin domains, and 13 sites for attachment of O-linked glycans, 10 of these occurring between the two fasciclin domains (Supplementary Figure S3). The increased size of FLA16 is expected to result from addition of N-glycans and O-linked AGs.
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FIGURE 3. Detection of FLA16-VH fusion proteins in Arabidopsis stems. (A) Proteins extracted from stems were fractionated into wall, SDS wall extract (Wall SDS), microsomal membranes extracted with SDS (MM SDS) and cytoplasm. FLA16-HV is detected in both Wall SDS and MM SDS fractions using an anti-GFP antibody (upper panel). The Wall SDS and MM SDS fractions are enriched for Plasma Membrane (PM) as shown by replicate western blots probed with the anti-H-ATPase antibody bound in both. (B) Average gold density per 1 μm2 of interfascicular fiber cell wall, plasma membrane (PM) or cytoplasmic region for anti-HIS antibody in ultrathin sections of the stem at the first internode. Significantly higher amounts of gold labeling (p < 0.05 using Student’s t test, indicated by *) are observed in the wall and PM of pFLA16:FLA16-HV plants compared to WT with no difference in the cytoplasm. n = 5–8 cells from two biological replicates. Error bars indicate standard error, p < 0.05 using t-test. (C,D) Transmission electron micrograph images of interfascicular fiber cells at the stem first internode of WT (C) and pFLA16:FLA16-VH (D). Gold labeling in the cell wall (red arrow) and plasma membrane (orange arrows) are indicated.


To further investigate the sub-cellular location of FLA16-VH, immunogold labeling using an anti-HIS antibody was undertaken of stem sections taken from the first internode and visualized using transmission electron microscopy (TEM). Consistent with protein extraction and blotting analysis, FLA16-VH appears to be largely associated with cell wall and PM with significantly more gold labeling observed in the walls and PM of interfascicular fiber cells in pFLA16:FLA16-VH plants than WT (Figures 3B–D). Background levels of HIS labeling was expected based on native extracellular HIS-rich proteins, including HIS-rich AGPs (Liu and Mehdy, 2007; Callaway and Singh-Cundy, 2019). Low levels of gold labeling was observed in the cytoplasm of pFLA16:FLA16-VH fiber cells, with similar amounts seen in the WT. Little to no gold labeling was observed in sections incubated with no primary antibody controls (Supplementary Figure S7). These data indicate FLA16 is moderately glycosylated and located at the PM and wall of cells with secondary cell walls.



Carbohydrate Content and Biomechanics Are Altered in fla16 Stems

In order to determine whether cell wall compositional changes occur in the fla16 mutant stems, polysaccharide composition was examined by linkage analyses of the alcohol insoluble residue (AIR) representing the cell wall fractions extracted from fla16 and WT stems (growth stage 6.9) (Moller et al., 2012). Linkage analyses of the cell wall polysaccharides revealed an approximately 9% reduction of cellulose and 10% increase in glucuronoxylan in fla16 stems (Figure 4A and Supplementary Table S2). The reduction in cellulose was also investigated using an acetic/nitric cellulose assay to determine the amount of crystalline cellulose (Updegraff, 1969) which recorded an approximately 16% reduction in stems of fla16 mutants (Supplementary Table S3). As changes in cell wall composition can influence the biomechanical properties of the stem, this was investigated using biomechanical tests.
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FIGURE 4. Cell wall polysaccharide composition derived from linkage analysis and biomechanical tests of mature stems of fla16 and WT. (A) Polysaccharide linkage analysis shows a reduction of cellulose and an increase in glucuronoxylan in fla16 compared to WT with no difference in the other polysaccharides. N = 2–3 biological replicates. For full data see Supplementary Table S3. Biomechanical tests on the base- and mid- stem show significantly decreased flexure strength (B) in the base stem of fla16 compared to WT and increases in tensile stiffness (C). N = 6–12 stems, p < 0.05 (∗) using a Student’s t test. Data are presented as means ± SE.


Mature, dry stems were divided into 12 cm segments and biomechanical tests were conducted on the base- and mid- stem. The upper region was excluded due to the reduced stem length of fla16 mutants. Dried stems were used to avoid differences in hydration that can lead to variable results (Molina-Freaner et al., 1998). Flexure strength and tensile stiffness tests were undertaken. The strength indicates the maximum load required to break the stem whereas stiffness is a measure of the elasticity of the stem (MacMillan et al., 2010). Flexure tests revealed that the basal stems of fla16 have significantly reduced strength compared to WT (Figure 4B). No significant differences in flexure strength of the mid-stems was found between fla16 and WT (Figure 4B and Supplementary Table S3). Tensile strength tests of base- and mid-stems identified a significantly increased stiffness in the mid-stems, with a similar trend in the base-stems although this is not significantly different to WT (Figure 4C and Supplementary Table S3).



The fla16 Mutant Is More Sensitive to Isoxaben Treatment Than WT and Has Altered CESA Transcript Levels

Compared to WT, mutants with reduced cellulose levels frequently display higher sensitivity to the herbicide isoxaben, as evidenced by reduced hypocotyl growth and swelling (Desprez et al., 2002). Isoxaben has been shown to inhibit cellulose synthesis in plant primary walls (Desprez et al., 2002). FLA16 is expressed in dark grown hypocotyls (Winter et al., 2007) therefore WT and fla16 mutants were tested for sensitivity to isoxaben during dark-grown seedling development. Hypocotyl growth of fla16 mutants was found to be significantly reduced compared to WT, in both control (89% of WT hypocotyl length) and isoxaben (60% of WT hypocotyl length) treatments (Figure 5B). The fla16 mutant was more sensitive to isoxaben treatment than WT with a 4.4 fold reduction in hypocotyl length compared to a three fold reduction in WT, relative to the control (Figure 5A).


[image: image]

FIGURE 5. Isoxaben treatment of dark grown Arabidopsis fla16 and WT seedlings and Q-PCR analysis of CESA transcript levels. Significantly reduced hypocotyl length is observed in fla16 seedlings on control plates and those treated with 2 nM isoxaben compared to WT (A,B). N = 40–60, data represented as mean ± SE, * indicates statistically significant value, P < 0.05 using one-way ANOVA. (C) Q-PCR analyses of transcript levels of CESAs involved in primary (1, 3, and 6) and secondary (4, 7, and 8) wall biosynthesis shows CESA8 levels are significantly reduced in the basal stem segments of fla16 mutants compared to WT. Transcript levels were determined relative to DNA standards of known concentration and normalized with GAPDH and tubulin (Czechowski et al., 2005). N = 3 biological replicates, data represented as mean ± SE, * indicates statistically significant value p < 0.05 using one-way ANOVA.


Stem tissue was investigated to determine if transcript levels of CESA1, CESA3 and CESA6, involved in synthesis of cellulose in primary walls, and CESA4, CESA7, and CESA8 in secondary walls was altered in fla16 compared to WT using Q-PCR analysis. No significant differences in transcript levels of CESA1, CESA3, and CESA6 were observed between fla16 and WT base stems (Figure 5C). CESA8 showed a dramatic reduction in transcript levels in fla16 stems compared to WT in the base-stem, whereas CESA4 and CESA7 levels were unchanged (Figure 5C).



Complementation of the fla16 Mutant

Two FLA16 complementation constructs driven by the endogenous FLA16 promoter were generated and transformed into the fla16 mutant; pFLA16:FLA16 included only the FLA16 coding region and pFLA16:FLA16-VH as previously described (Supplementary Figure S3). Homozygous plant lines for the transgenes in the fla16 mutant background were generated and examined for FLA16 expression by Q-PCR and complementation of reduced cellulose content and stem length.

The expression of FLA16 transcripts in the total stem of fla16 was 21% of that observed in WT (Supplementary Figure S4). In the fla16 pFLA16:FLA16 and fla16 pFLA16:FLA16-VH lines the transcript levels were 73% and 123% of WT levels, respectively. Based on acetic/nitric cellulose assays, the cellulose content in fla16 pFLA16:FLA16 and fla16 pFLA16:FLA16-VH stems was 98% and 93%, respectively, of WT levels (Supplementary Figure S8). This is a significant increase in crystalline cellulose compared to the fla16 line whose content was reduced to 83% of WT. Both complementation lines partially recovered the stem length phenotype compared to WT whereas the length of first internode was not recovered and was comparable to fla16 (Supplementary Figure S8).




DISCUSSION

Fasciclin-like arabinogalactan-proteins belong to large, multigene families in plant species and are regulated at both the transcriptional and post-translational levels. Studies of stem-specific FLAs containing a single FAS1 domain (Group A, fasciclin type O) in Arabidopsis, Eucalyptus, Zinnia, and Populus suggest they function in maintaining stem biomechanical properties via regulation of wall architecture and/or biosynthesis (Dahiya et al., 2006; MacMillan et al., 2010, 2015; Wang et al., 2015, 2017). In this study we reveal a novel role for FLA16, belonging to the group B FLAs with fasciclin type R-H, in stem biomechanics and regulation of cellulose levels. Expression of FLA16 is predominantly in cells with secondary walls, including in stems, which overlaps with that of FLA11 and FLA12, previously shown to regulate stem biomechanics in Arabidopsis (MacMillan et al., 2010). Transcriptional studies of secondary wall development in Eucalyptus grandis (MacMillan et al., 2015), Populus trichocarpa (Wang et al., 2015), cotton fiber formation in Gossypium hirsutum (MacMillan et al., 2017), and tension wood formation in Populus tremula (Bygdell et al., 2017) show group B FLA members have highest expression in these tissues. This suggests that a co-ordinated balance of different FLAs is required to maintain cell wall integrity. It remains to be determined if group B FLA members are involved in both primary and secondary wall development. During stem development, growth must be carefully co-ordinated with maintaining structural integrity. Therefore, secondary wall deposition is balanced with stem growth and likely involves feedback mechanisms to ensure tissue integrity. FLA16 could potentially play a role to delay flowering or promote vegetative growth as fewer rosette leaves and an earlier bolting time was observed in fla16 lines. Here we provide evidence that FLA16 is localized in the cell wall and plasma membrane-wall interface of cells with secondary walls (Figure 3). A reduced stem diameter and pith cell number was found in fla16 stems compared to WT. A reduction in cellulose and altered biomechanics in fla16 suggests wall integrity is compromised, most likely in fiber and xylem tissues where YFP was observed in pFLA16:FLA16-VH lines (Figure 1). Partial recovery of the fla16 mutant phenotypes was observed using two complementation constructs. A natural antisense transcript overlaps the FLA16 promoter and coding region and all group B members in Arabidopsis have a conserved intron at the 3′ end of the sequence. Greater understanding of the regulation of FLA16 at the transcriptional and post-transcriptional level is required to determine how this might influence function.

Cellulose is the major component of secondary walls and a key factor influencing mechanical properties (Turner and Somerville, 1997). In this study, reduced cellulose levels are observed in fla16 mutants and particularly in crystalline cellulose. The crystallinity of cellulose can be modified by a number of factors, including proteins that associate with the cellulose synthase complex (CSC) and cellulose-matrix phase interactions. For example, the GPI-anchored COBRA-like proteins can directly bind cellulose and regulate microfibril crystallinity in Arabidopsis (Roudier et al., 2002), rice (Liu et al., 2013), and maize (Sindhu et al., 2007), and mutants have reduced mechanical strength. The expression of FLA16 in xylem and fiber cells of the stem and its location in the wall suggests that the reduced stem length and altered biomechanics observed in fla16 are related to altered architecture and/or composition of secondary walls in stems. The reduced flexural strength in fla16 basal stems is consistent with reduced cellulose content and increased tensile stiffness in the fla16 middle stem could also result from changes in composition of the wall matrix (i.e., lignin and hemicelluloses) (Kohler and Spatz, 2002) and wall architecture, in particular the cellulose microfibril angle (MFA) (Cave and Walker, 1994; Keckes et al., 2003). A small increase in the hemicellulose glucuronoxylan (GX) in fla16 may also contribute to the altered stem properties as GX makes physical contacts with cellulose in secondary walls (Bromley et al., 2013; Grantham et al., 2017). A role for FLA16 in regulation of primary walls during early development cannot be ruled out given secondary wall cellulose synthesis is not affected by isoxaben (Watanabe et al., 2018) and fla16 dark grown seedlings displayed increased sensitivity to isoxaben treatments. In inflorescence tissues FLA16 appears to be restricted to tissues with secondary walls and transcript profiling showed primary wall CESAs were unchanged in fla16 mutants. Genes strongly co-expressed with FLA16 include CESA5 and FLA15 (Obayashi et al., 2018). CESA5 makes a major contribution to cellulose production in seed mucilage (Sullivan et al., 2011). It is possible that FLA16 interacts with different complexes/signaling pathways depending on the tissue and cellular context. In stem tissue only CESA8 showed reduced transcript levels in fla16. Mutations in CESA8 were identified as irregular xylem (irx1) mutants due to a collapsed xylem phenotype (Taylor et al., 2000). A reduction in stem cellulose content of up to 40% is seen in irx1 mutants compared to WT and altered biomechanical properties (Turner and Somerville, 1997; Taylor et al., 2000). The reduction in CESA8 transcripts could contribute to the fla16 mutant phenotype. As fla16 does not display a collapsed xylem phenotype and only a moderate reduction in cellulose, it suggests some CESA8 is still functional. It is unclear how reduced levels of FLA16 influence transcription of CESA8. FLAs have the potential to interact via protein-protein, protein-carbohydrate and carbohydrate-carbohydrate associations and could therefore be multifunctional, acting in both signaling pathways and wall structure. Roles in cell wall integrity sensing pathways that detect changes in wall mechanics to regulate growth or stress responses have been proposed (Wolf et al., 2012). This is supported by genetic studies suggesting FLA4/SOS5 interacts with the leucine-rich repeat-RLKs FEI1 and FEI2 to maintain seed mucilage adherence (Xu et al., 2008; Griffiths et al., 2016; Engelsdorf et al., 2018).

Roles in extracellular sensing and signaling would be consistent with the role of FAS1-containing proteins in animals. For example, Periostin in humans interacts with structural proteins such as fibronectin, tenascin and collagen, as well as activating intercellular signaling through Nephroblastoma Overexpressed (NOV/CCN3) and NOTCH1 pathways (Tanabe et al., 2010; Kii and Ito, 2017; Takayama et al., 2017). In addition to the FAS1 domains, AG-glycans in FLAs could potentially bind wall polysaccharides such as hemicelluloses and pectins as has been shown for the AGP, APAP1 (Tan et al., 2013). The exact mechanism of how FLA16 influences either biosynthesis or deposition of cell wall components remains to be elucidated. The association of AGPs with cellulose in flax fiber secondary walls led to the proposal that AGPs might be secreted to the cell surface along with CESAs and then associate with cellulose in the thickening wall (Girault et al., 2000; Seifert and Roberts, 2007). Identification of interacting proteins and/or polysaccharides of FLA16 is needed to determine its role in secondary wall development and stem biomechanics.

To date, analysis of the functional domains of FLAs is restricted to FLA4/SOS5 and showed the N-terminal FAS1 domain to be critical in assisting PM localization, independently from the GPI-anchor, and the C-terminal FAS1 is required for function in roots (Xue et al., 2017). Biochemical and TEM results suggest FLA16 is located in the secondary cell wall and at the plasma membrane. FLA16 is not predicted to contain a GPI-anchor and so could associate with PM located integral membrane proteins or an alternative form of lipid attachment, such as S-acylation. The domain architecture of the group B FLAs to which FLA16 belongs is one of the most stable throughout plant evolution. Group B FLAs have fasciclin types R and H, which are almost exclusively associated with each other and specific types of AG regions and represented the largest group of FLAs in 18 plant proteomes (Shafee et al., 2020). The strong association of these domains suggests the function of these FLAs is relatively constrained.



CONCLUSION

This research has provided new insights into the understanding of role of FLA16 in stem development. Our study supports FLA16 being in the secondary wall and containing AG-glycans. Functional studies testing the ability of FLA16 homologs from embryophyte ancestors to complement the fla16 mutant, as well as mutant studies of further R-H type FLAs in Arabidopsis and other species, would provide knowledge of the functional conservation of this group and enhance understanding of the role of these glycoproteins. Domain deletion/swapping studies within FLA16/group B FLAs would be helpful to interpret the functional domains of the molecule. Data from the analyses of the fla16 mutant has revealed a novel role for FLA16 in stem biomechanics and regulation of cellulose levels. This research provides a platform for further investigations toward uncovering functional mechanism(s) of these fascinating molecules during secondary wall development.
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Plant cell wall associated hydroxyproline-rich glycoproteins (HRGPs) are involved in several aspects of plant growth and development, including wood formation in trees. HRGPs such as arabinogalactan-proteins (AGPs), extensins (EXTs), and proline rich proteins (PRPs) are important for the development and architecture of plant cell walls. Analysis of publicly available gene expression data revealed that many HRGP encoding genes show tight spatio-temporal expression patterns in the developing wood of Populus that are indicative of specific functions during wood formation. Similar results were obtained for the expression of glycosyl transferases putatively involved in HRGP glycosylation. In situ immunolabelling of transverse wood sections using AGP and EXT antibodies revealed the cell type specificity of different epitopes. In mature wood AGP epitopes were located in xylem ray cell walls, whereas EXT epitopes were specifically observed between neighboring xylem vessels, and on the ray cell side of the vessel walls, likely in association with pits. Molecular mass and glycan analysis of AGPs and EXTs in phloem/cambium, developing xylem, and mature xylem revealed clear differences in glycan structures and size between the tissues. Separation of AGPs by agarose gel electrophoresis and staining with β-D-glucosyl Yariv confirmed the presence of different AGP populations in phloem/cambium and xylem. These results reveal the diverse changes in HRGP-related processes that occur during wood formation at the gene expression and HRGP glycan biosynthesis levels, and relate HRGPs and glycosylation processes to the developmental processes of wood formation.
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INTRODUCTION

Xylem formation in trees is initiated in the vascular cambium and proceeds through cell expansion, secondary cell wall deposition, maturation, and programmed cell death, culminating in heartwood formation (Plomion et al., 2001). The xylem of angiosperm trees, commonly known as wood, contains fibers that provide mechanical support, water conducting vessels, and ray cells involved in radial transport, storage, and heartwood formation (Déjardin et al., 2010). During cell expansion, the xylem cell walls consist of three main polymers: cellulose, hemicelluloses, and pectin. These polysaccharides together with cell wall associated proteins form a complex extendable matrix called the primary cell wall. The properties of the primary cell wall control cell expansion and the direction of growth, influencing xylem fiber length and vessel dimensions (Plomion et al., 2001; Rose and Lee, 2010). Once the cells have reached their final size, a secondary cell wall composed primarily of cellulose, hemicelluloses, and lignin is synthesized on top of the primary cell wall on the inner side of the fibers and vessels (Höfte and Voxeur, 2017). In addition to the cell wall polymers, several classes of glycoproteins with structural and signaling functions are involved in cell wall formation (Rose and Lee, 2010). In particular the cell wall associated glycoproteins known as hydroxyproline-rich glycoproteins (HRGPs) are thought to influence the synthesis and properties of both primary and secondary cell walls. HRGPs are also found in wood, but their role during the secondary growth of trees is largely unknown (Plomion et al., 2001).

HRGPs are the main class of cell surface glycoproteins in plants that have been linked to cell wall assembly and cell architecture. These complex macromolecules exhibit high structural and functional diversity, and play central roles in plant growth, development, and adaptation to changing environmental conditions (Hijazi et al., 2014; Jiao et al., 2018). It is thought that they perform these roles by modifying the physical and chemical properties of the cell wall in response to developmental and environmental signals (Seifert and Roberts, 2007; Hijazi et al., 2014). HRGPs are highly diverse but can be divided into three main subfamilies based on their proline hydroxylation patterns and glycosylation: the highly glycosylated arabinogalactan-proteins (AGPs), the moderately glycosylated extensins (EXTs), and proline-rich proteins (PRPs) that may be non-, weakly-, or highly glycosylated (Hijazi et al., 2014). Because of their diverse and repetitive protein motifs, bioinformatics approaches have been used to characterize and study this complex family. A total of 271 HRGPs have been identified in the model tree poplar (Populus trichocarpa), including 162 AGPs, 60 EXTs, and 49 PRPs (Showalter et al., 2016).

AGPs and EXTs are abundant during primary cell wall biosynthesis (Tan et al., 2018). Their biological roles may depend on the characteristics of both their protein core and the attached glycans (Cannon et al., 2008). AGPs are found on the surfaces of plasma membranes, where they are attached via a glycosylphosphatidylinositol (GPI) membrane anchor, or in the membrane-cell wall interspaces or in the cell wall matrix. They are found in many tissues but are especially abundant in xylem (Nothnagel, 1997; Showalter, 2001). At the organ level, AGPs are found everywhere including in leaves, stems, roots, floral parts and seeds. The AGP protein backbone undergoes multiple phases of post-translational modification in the ER and Golgi apparatus, typically involving hydroxylation of proline residues and often the covalent addition of a GPI anchor at the C terminus (Borner et al., 2003; Ellis et al., 2010). The GPI anchor is thought to be important for AGPs involved in signaling pathways (Schultz et al., 1998). The glycan moieties of AGPs, which typically account for 90–98% of their total molecular mass, are O-linked to hydroxyproline residues (and possibly also serine and threonine residues) in the protein core by various glycosyltransferases (GTs) (Ellis et al., 2010). Analyses of AGP glycans isolated after alkaline hydrolysis have shown that the AG polysaccharide chains vary in size from 30 to 150 sugar residues (Tsumuraya et al., 1984; Qi et al., 1991). AG glycans are structurally complex, consisting of β-1,3-galactan main chains with β-1,6-galactan side chains of various lengths that are further decorated with arabinose and other sugars such as glucuronic acid, rhamnose, mannose, xylose, glucose, and fucose (Ellis et al., 2010; Tan et al., 2010; Kitazawa et al., 2013). Little is known about the sequences of these polysaccharide units or their structure-function relationships in AGP glycans. However, studies using the β-D-glucosyl Yariv reagent, which binds specifically to the β-1,3-galactan moiety of AGPs (Kitazawa et al., 2013), and various monoclonal antibodies that recognize different AGP glycan epitopes (Seifert and Roberts, 2007), have demonstrated that the glycans are essential for the function of AGPs. The diversity in the composition and the structure of AGPs may explain their multitude of biological functions, which includes wood formation in trees (Yang et al., 2005).

Extensins are the other main group within the HRGP family. These glycoproteins have a distinctive motif consisting of several consecutive O-glycosylated serine-(hydroxyprolines). The hydroxylation of proline residues by prolyl-4-hydroxylases and the addition of a galactose onto the adjacent serine residue by serine-galactosyltransferase 1 (SGT1) both occur in the endoplasmic reticulum (Fragkostefanakis et al., 2014; Saito et al., 2014; Velasquez et al., 2015; Marzol et al., 2018). Then, in the Golgi apparatus, several arabinoses are successively transferred to the hydroxyproline residues (Velasquez et al., 2012; Moller et al., 2017). The glycans of EXTs are particularly important because they are thought to force the adoption of a conformation that permits intra- and/or intermolecular cross-linking of the protein component via tyrosine residues, resulting in the formation of isodityrosine, pulcherosine or di-isodityrosine linkages (Smith et al., 1986; Schnabelrauch et al., 1996; Held et al., 2004; Lamport et al., 2011; Chen et al., 2015; Velasquez et al., 2015). This cross-linking process is catalyzed by specific peroxidases (Brownleader et al., 1995; Schnabelrauch et al., 1996; Price et al., 2003; Dong et al., 2015; Marzol et al., 2018; Jacobowitz et al., 2019). EXTs are involved in many biological processes including cell expansion (Mravec et al., 2017) and cell wall assembly (Cannon et al., 2008; Lamport et al., 2011; Pereira et al., 2011; Chormova and Fry, 2016; Marzol et al., 2018). Extensin-associated epitopes were also found in the G-layer of poplar tension wood (Guedes et al., 2017; Decou et al., 2020) and genes encoding EXTs were upregulated in black pine stems in response to nematode inoculation (Hirao et al., 2012), however little is known about the function of EXTs in wood.

The PRPs are the third group of the HRGP family. The O-glycosylation rates of PRPs and their interactions with other cell wall components appear to be highly variable (Hijazi et al., 2014). Their amino acid sequences feature repeating units of 2–3 proline or hydroxyproline residues and are also rich in valine, lysine, and tyrosine (Showalter et al., 2016). They have been linked to various aspects of plant development, responses to hydric stress, plant defense, and cell wall strengthening (Bradley et al., 1992; Brisson et al., 1994; Battaglia et al., 2007; Chen et al., 2014). While their functions in the cell wall are largely unknown, a correlation between overexpression of PRP genes and changes in the microfibril angles in the secondary cell walls of poplar wood was recently reported (Li et al., 2019).

Here we investigate the expression of the HRGP family in Populus stems and their role in wood formation by performing an extensive bioinformatic and phylogenetic analysis combined with an analysis of genes encoding enzymes associated with HRGP glycosylation. Further insights were provided by performing an immunochemistry analysis to determine the location of extensin and AGP epitopes in wood.



MATERIALS AND METHODS


Bioinformatic Analysis

The HRGPs considered in this work and their nomenclature are derived from Showalter et al. (2016). Basic Local Alignment Search Tool (BLAST) analysis were performed using POPGENIE (Populus Genome Integrative Explorer1). Phylogenetic trees were constructed with full length protein sequences from the Populus Genome Integrative Explorer (see text footnote 1) database (Sjodin et al., 2009) and were created using the Molecular Evolutionary Genetics Analysis X (MEGA-X) software package (Kumar et al., 2018). The full-length protein sequences were first aligned with ClustalW using its standard settings (Thompson et al., 1994; Larkin et al., 2007). Phylogenetic analysis was then performed using the maximum likelihood method of MEGA-X in default mode with 1000 bootstrap replicates. The relative developing wood expression levels of the genes from Populus tremula in this study were obtained from the ASPWOOD database2 (Sundell et al., 2017). The ASPWOOD database provides interactive tools for analysis of gene expression profiles and co-expression networks obtained by sequencing of RNA from cryo-sectioned developing wood of P. tremula. Relative expression values from four biological replicates were averaged and heatmaps were generated accordingly using the R software.



Plant Material and Growth Conditions

Hybrid aspen (P. tremula × Populus tremuloides) trees were micropropagated in vitro for 4 weeks and then transferred to a greenhouse for further growth in commercial soil with a fertilizer mixture (Hasselfors Garden Planteringsjord3) under an 18-h light/6-h dark photoperiod at a temperature of 22/15°C (light/dark) and 50–70% humidity. The trees were fertilized using 150 ml 1% Rika-S (N/P/K, 7:1:5; Weibulls Horto, SW Horto AB, Hammenhög, Sweden) once a week for the first 3 weeks of greenhouse growth.



Immunolabelling on Wood Cross-Sections

Fifteen centimeters long stems of hybrid aspen P. tremula × P. tremuloides (T89) were collected from 10 cm above the soil after 3 months of growth in the greenhouse. Stems were frozen in liquid nitrogen and stored at −20°C, then rehydrated in distilled water at +4°C for a day or two. Thirty micrometers thick cross-sections were cut using a vibratome and placed on slides hydrated with 0.01 M phosphate-buffered saline (PBS). The sections were then fixed for at least 30 min in 4% (v/v) paraformaldehyde diluted in 0.01 M PBS buffer. After three washes with PBS buffer 0.01 M, they were incubated overnight at +4°C in a wet chamber with a primary monoclonal antibody (mAb) from PlantProbes4 or CarboSource Services5, diluted at 1:10 in a solution of 5% (w/v) milk protein in 0.01 M PBS (see list of the anti-AGPs and anti-extensin mAbs used in Supplementary Table 1). The sections were then washed three times with PBS 0.01M, after which they were incubated for 2 h at room temperature in a wet chamber with the secondary antibody anti-rat IgG DyLight 550 (Agrisera, AS12 1973) diluted at 1:50 in a solution of 5% (w/v) milk protein in 0.01 M PBS. After three final washes with PBS 0.01M, the slides were covered and the sections were observed with a Zeiss LSM 780 inverted confocal microscope (λexcitation: 514 nm; λemission: 535–650 nm) using the same photomultiplier tube value and exposure on each occasion. Each immunolabelling experiment was repeated at least three times using sections from at least three different trees. A “green fire blue” filter was applied to all fluorescence images using the Fiji software6 (Schindelin et al., 2012).



Western Blot Analysis of AGPs and EXTs

Different stem parts involved in wood formation, namely the phloem/cambium, developing xylem, and mature xylem were collected separately by scraping stems from five individual trees. Materials were flash-frozen in liquid nitrogen, lyophilized, and ball milled. Water-soluble AGPs and EXTs were then extracted from pooled samples of each stem part using water at 50°C for 30 min. Western blot analysis was done as described previously (Fragkostefanakis et al., 2012). SDS-PAGE was performed to separate proteins according to Sambrook et al. (1989), after which the gels were transferred to a polyvinylidene difluoride (PVDF) membrane at 12 V at 4°C overnight. The membrane was then blocked in TBST buffer (10 mM Tris–HCl, 150 mM NaCl, 0.1% Tween-20, pH 7.6) containing 5% (w/v) milk powder for 1 h, followed by labeling with primary anti-AGPs mAbs (JIM8, JIM13, JIM14, JIM16, LM2, LM14, and MAC207) and primary anti-EXTs mAbs (JIM12, JIM19, JIM20, and LM1), from PlantProbes (see text footnote 4) or CarboSource Services (see text footnote 5), diluted 1:5000 in TBST buffer containing 2.5% (w/v) milk powder for 1 h. The labeled membranes were washed three times for 5 min each with TBST and then incubated with a 1:10000 dilution of anti-rat antibodies coupled to HRP for 1 h (Agrisera, AS10 1187). After a similar washing step, the blots were developed with the ECL prime western blotting detection reagent (Amersham Biosciences) according to the manufacturer’s protocols.



Detection of AGP Subpopulations Using Agarose Gel

Detection of AGPs on agarose gel was performed according to Castilleux et al. (2020). Water-extracted AGPs from 15 mg pooled samples were loaded onto a 1% (w/v) agarose gel containing 90 mM Tris base pH 8.3 with HCl, 90 mM boric acid, and 2 mM Na2EDTA (H2O)2, and run at 100 V for 1 h. β-D-glucosyl Yariv was synthesized in house according to the protocol by Yariv et al. (1962). The gels were then stained with 10 μg β-D-glucosyl Yariv overnight, followed by destaining with 1% NaCl.



AGP Quantification

Arabinogalactan-proteins quantification was done on five biological replicates according to Lamport (2013). Samples (2 mg) were mixed with 500 μl 2% CaCl2 and 200 μl β-D-glucosyl Yariv dissolved in 2% CaCl2 (1 mg/ml), then stirred for 2 h at room temperature. Gum arabic (10 or 20 μg) was used as an AGP standard. The β-D-glucosyl Yariv precipitate was collected by centrifugation at 15,000 × g for 10 min and washed twice with 2% CaCl2. The pellet was then dissolved in 20 mM NaOH, after which the dissolved AGPs were quantified by measuring their absorbance at OD457.




RESULTS AND DISCUSSION


Phylogeny of Populus HRGPs and Their Expression During Wood Development

Arabinogalactan-proteins can be subdivided into different classes based on their amino acid sequence and domain structure. The currently recognized classes are classical AGPs, AG peptides, fasciclin-like AGPs (FLAs), plastocyanin AGPs (PAGs), lysine-rich AGPs, and other chimeric AGPs (Showalter et al., 2010). The classical AGPs (Figure 1A) showed little phylogenetic grouping due to their diverse amino acid sequences, domain structure and limited evolutionary expansion within Populus. The chimeric AGPs, lysine-rich AGPs, AGP peptides, plastocyanin and especially fasciclin-like AGPs (FLAs) formed more clear within class phylogenetic groups (Figure 1A–E), and interestingly some of these groups are associated with developmental stage specific gene expression during wood formation (Figures 1, 2).
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FIGURE 1. Phylogenetic tree of AGPs from Populus trichocarpa. The amino acid sequences of classical AGPs and lysine rich AGPs (A), other chimeric AGPs (B), AGP peptide (C), plastocyanin AGPs (D), and fasciclin-like AGPs (E) identified in the study of Showalter et al. (2016) were aligned by ClustalW. Phylogenic trees were constructed using the maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. The asterisk (*) next to the gene name indicates expression in the wood. P, phloem; C, cambium; Exp, xylem expansion zone; Scw, xylem secondary cell wall formation zone; Mat, xylem maturation zone.
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FIGURE 2. Heatmap of AGP expression in the wood of Populus tremula. Heatmap depicting the relative expression of AGPs in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.


Of the AGPs identified by Showalter et al. (2016), 11 out of 27 classical AGPs, 6 out of 6 Lysine-rich AGPs, 36 out of 50 FLAs, 23 out of 35 AG peptides, 22 out of 39 PAGs, and 7 out of 11 other chimeric AGPs are expressed during wood formation (see text footnote 2). We generated heatmaps showing the relative expression of each HRGP gene during wood formation (Figure 2). These heatmaps suggest that certain AGPs have specialized functions in defined zones during wood development (Figure 2). Most of the AGPs could be divided into groups based on the zone in which they exhibited the highest relative expression – the cambium/expansion, secondary cell wall formation, or cell wall maturation zones. Most AGPs were expressed quite weakly in the phloem with the exception of PAGs, which were strongly expressed in the phloem and cambium but weakly expressed in xylem. Similar expression profiles were observed for several FLAs that are phylogenetically close to each other, suggesting that their functions may be conserved (Figures 1E, 2). Studies on AtFLA4 indicated that it is involved in cell expansion and cellulose biosynthesis in Arabidopsis under NaCl stress (Shi et al., 2003; Basu et al., 2016). Its close orthologs in Populus, PtFLA16, 30, and 38 (Showalter et al., 2016), are strongly expressed in the expansion zone, suggesting that their function may be conserved between Populus and Arabidopsis (Figures 1E, 2). Similar results were obtained for several FLAs with high relative expression in the secondary cell wall formation and cell wall maturation zones (Figure 2). AtFLA11 and AtFLA12 are expressed strongly during secondary cell wall formation in Arabidopsis stems (Persson et al., 2005) and are close orthologs of the FLAs expressed during secondary cell wall formation in Populus (Figure 2; Showalter et al., 2016). AtFLA11 and AtFLA12 were proposed to be involved in cellulose deposition and to influence the mechanical properties of the secondary cell wall (MacMillan et al., 2010). Accordingly, RNAi-induced suppression of AtFLA11/12 orthologs in Populus davidiana × Populus bolleana reduced cellulose and lignin levels and adversely affected the stem’s mechanical properties (Wang et al., 2015). The exact roles of FLAs in cell wall formation are poorly understood, but it has been proposed that at least some of them may function in cellulose biosynthesis. Among other things, FLAs could bind to cellulose in the cell wall matrix, affect cellular signaling leading to changes in cellulose biosynthesis, bind to cellulose synthase complexes (CSCs) and thereby either stabilize them or alter their function, or act as adaptors between CSCs and receptor kinases to modulate CSC activity (Seifert, 2018).

Most lysine-rich AGPs from Populus are expressed in the cambial and cell expansion zones of the wood (Figure 2). Lysine-rich AGPs in Arabidopsis have been associated with cell division and cell expansion (Ellis et al., 2010). For example, the megaspores of an Arabidopsis mutant defective in the lysine-rich AGP18 cannot grow and mitotically divide, showing that AGP18 is essential for female gametogenesis (Acosta-García and Vielle-Calzada, 2004). Similarly, silencing the expression of lysine-rich AGP19 in Arabidopsis reduced the number of abaxial epidermal cells in rosette leaves, suggesting involvement in cell division (Yang et al., 2007). The mutant also had shorter hypocotyl cells, smaller rosette epidermal cells, and differently shaped mesophyll cells compared to the wild-type, all of which are indicative of cell expansion defects. The high relative expression of lysine-rich AGPs in the wood cambial and expansion zone suggests that they may function in cell division and/or cell expansion.

Extensins can be subdivided into classical EXTs, short EXTs, chimeric EXTs and AGP/EXT hybrids (Showalter et al., 2016). Additionally, the chimeric LEUCINE-RICH REPEAT/EXTENSIN (LRX) and PROLINE-RICH EXTENSIN-LIKE RECEPTOR KINASE (PERK) proteins constitute two distinct groups in the phylogenetic tree (Figure 3). According to the ASPWOOD database, five of the ten annotated Populus LRXs were expressed in wood, mostly in the cambium and the expansion zone (Figure 4). LRXs are believed to be involved in cell elongation and to regulate the cell morphogenesis, although this function has mainly been studied in pollen and roots (Baumberger et al., 2001, 2003; Herger et al., 2019), which is consistent with the observation in this study that these proteins are mainly expressed in the cambium and expansion zone. The PERKs were found to be expressed throughout the wood (Figure 4). Interestingly, these proteins lack the Tyrosine-X-Tyrosine motif (where X is a variable amino acid) required for extensin cross-linking. In addition, they were proposed to be involved in regulating plant growth and development (Borassi et al., 2016). It is thus possible that PERKs may play a signaling role rather than a structural one during wood formation. The classical EXTs also clustered into a separate group in the phylogenetic tree (Figure 3), but surprisingly no classical EXT transcripts were detected in the developing wood of P. tremula. The short EXTs clustered into different groups, with some being closely related to the LRX, PERK, or classical EXT sequences. PtEXT23, PtEXT10, and the closely related short extensins PtEXT13 and PtEXT26 were mainly expressed in the secondary cell wall formation zone, but another phylogenetic group of short EXTs was expressed in the other wood developmental zones (Figures 3, 4). This implies that specific short EXTs are involved in secondary cell wall formation. As was also the case for the AGP/EXT hybrids, these short EXTs were expressed most strongly during the transition from cell expansion to secondary cell wall formation, and therefore may be involved in the cessation of expansive growth and initiation of cell wall thickening (Figure 4). Overall, short and chimeric EXTs exhibit high relative expression in well-defined wood development zones, like the AGPs, suggesting that they also have specific roles during wood development (Figure 4).
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FIGURE 3. Phylogenetic tree of EXTs from Populus trichocarpa. The amino acid sequences of Classical EXTs (green), Short EXT (light blue), EXT/AGP hybrids (orange), and other chimeric EXTs (red) identified in the study of Showalter et al. (2016) were aligned by ClustalW. Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. The asterisk (*) next to the gene name indicates expression in the wood. P, phloem; C, cambium; Exp, xylem expansion zone; Scw, xylem secondary cell wall formation zone; Mat, xylem maturation zone.
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FIGURE 4. Heatmap of EXT and PRP expression in the wood of Populus tremula. Heatmap depicting the relative expression of EXTs and PRPs in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.


The PRPs can be divided into PRPs, short PRPs and chimeric PRPs (Showalter et al., 2016). PRPs in general are more variable than other HRGPs, and some PRPs have protein sequence characteristics similar to those of EXTs or AGPs (Showalter et al., 2010). Like the AGPs and EXTs, PRPs are strongly expressed in specific wood developmental zones such as the phloem, cambium, and expansion zone (Figure 4). Interestingly, the phylogenetically close chimeric PRPs exhibit strong relative expression in the phloem and cambium (Figure 5). Conversely, most of the short PRPs are relatively highly expressed in the cell expansion zone. Based on these results, the PRPs probably have a role in the phloem, the cambium and the expansion zone of developing wood, while the expression data does not support a function in the secondary cell wall formation and wood maturation zones.
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FIGURE 5. Phylogenetic tree of PRPs from Populus trichocarpa. The protein sequences of PRPs (green), PRP peptides (light blue), and chimeric PRPs (red) identified in the study of Showalter et al. (2016) were aligned via ClustalW. Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. The asterisk (*) next to the gene name indicates expression in the wood. P, phloem; C, cambium; Exp, xylem expansion zone.




Expression of Genes Encoding HRGP Glycosylating Enzymes in Developing Wood

To further clarify the roles of specific HRGPs in developing wood, we compared the relative expression of the HRGPs to that of genes encoding enzymes predicted to be involved in HRGP glycosylation (Figures 6–11). In this analysis, the amino acid sequences of characterized glycosyl transferases from Arabidopsis known to be active in HRGP glycosylation were used to identify orthologous enzymes in P. trichocarpa (Sjodin et al., 2009).
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FIGURE 6. The phylogeny and expression of GT31 proteins in Populus. (A) Phylogenetic tree describing the phylogeny of the GT31 proteins from Populus trichocarpa and Arabidopsis thaliana. The proteins are divided into clades according to the study of Qu et al. (2008). Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. (B) Heatmap describing the relative expression of GT31 proteins from Populus tremula in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.


The glycosyl transferase family 31 (GT31) contains enzymes catalyzing the transfer of the initial galactose moiety to the hydroxyprolines of AGPs and the subsequent elongation of the β-1,3-galactan backbone. The GT31 family from Arabidopsis has 33 members, of which 20 are likely to be involved in AGP glycosylation (Qu et al., 2008). These 20 GT31 enzymes are divided into different clades with different (predicted) activity. Clades I-II are predicted to be β-1,3 galactosyl transferases active in AGP glycosylation (Qu et al., 2008). The enzymes AtGALT31A and KNS4 from clade II have been characterized as either β-1,3- or β-1,6- galactosyl transferases (Geshi et al., 2013; Suzuki et al., 2017; Ruprecht et al., 2020). The GT31 enzymes in Clade III have been characterized as hydroxyproline galactosyl transferase enzymes that transfer the first galactose unit to hydroxyproline residues on the AGP protein backbone (Ogawa-Ohnishi and Matsubayashi, 2015). The GT31 enzymes in clade IV from Arabidopsis have not been characterized yet, but their orthologs in cotton (Gossypium hirsutum) were shown to be β-1,3-galactosyltransferases active in AGP glycosylation (Qin et al., 2017). Two Arabidopsis GT31 enzymes in clade V have been characterized: GALT1 is a β-1,3-galactosyl transferase for N-glycosylation, while GALT3 is a hydroxyproline galactosyl transferase (Strasser et al., 2007; Basu et al., 2015a). All of the members of clade VI were subsequently shown to be hydroxyproline galactosyl transferases (Basu et al., 2015a, b). The amino acid sequence of these 20 Arabidopsis GT31s involved in AGP glycosylation were used to identify Populus orthologs. A BLAST analysis identified 24 GT31s in the Populus genome including members of all six previously described clades (Figure 6A). Gene expression heatmaps showed that the members of clades I, III, and IV are expressed most strongly during secondary cell wall formation, while members of clades II, V, and VI are expressed more in the cambial and cell expansion regions, with some exceptions (Figure 6B). These results show that like the AGPs, the GT31 genes are expressed in specific wood developmental zones (Figures 2, and 6B). AtGALT31A from Clade II was shown to be involved in cell division in the hypophysis of Arabidopsis embryos (Geshi et al., 2013). The closest Populus orthologs from clade II, except Potri.011G151400, are quite strongly expressed in the cambium, suggesting that they might play similar roles in cell division during secondary growth in Populus (Figure 6). Similarly, Populus orthologs from clade VI, except Potri.16G013300, are expressed relatively strongly in the cambium and the wood expansion zone. AtGALT2 and AtGALT5 from clade VI were previously shown to have roles in root cell expansion under salt stress, possibly involving modulation of cellulose biosynthesis (Basu et al., 2015b, 2016). These observations indicate that some Populus GT31s may have similar functions to their Arabidopsis orthologs at the cellular level.

The AGP side chains are synthesized by a large group of transferase enzymes in the Golgi apparatus. Two genes belonging to the GT29 family exist in Arabidopsis, 1 of which (GALT29A) was characterized as encoding a β-1,6 galactosyl transferase involved in AGP glycosylation (Dilokpimol et al., 2014). Five members of the GT29 family were identified in Populus, including two close orthologs of AtGALT29A (Kumar et al., 2019). One of these orthologs is expressed strongly in the phloem/cambium and maturation zone, while the other is most strongly expressed in the secondary cell wall formation zone (Figure 7). Reduced Arabinose Yariv 1 (RAY1) belongs to the GT77 family and is currently the only transferase enzyme known to transfer arabinose to AGP glycans (Gille et al., 2013). An Arabidopsis ray1 mutant expressing a defective variant of this gene had shorter roots and smaller rosettes than wild type plants. Populus has two close orthologs of RAY1 with high relative expression in the phloem, cambium, expansion zone, and maturation zone (Figure 7). In Arabidopsis, Glycoside Hydrolase family 43 (GH43) enzymes were recently shown to be Golgi-localized β-1,3-galactosidases involved in root cell expansion, possibly due to their activity toward AGP glycans (Nibbering et al., 2020). The Populus genome contains only one gene encoding a GH43 enzyme (Kumar et al., 2019). This gene, PtGH43, is strongly expressed during secondary cell wall formation unlike AtGH43, which is expressed most strongly during cell expansion in roots (Figure 7).


[image: image]

FIGURE 7. The wood expression profiles of GT29, RAY1, and GH43 Populus orthologs. Heatmaps depicting the relative expression of GT29A, RAY1, and GH43 proteins from Populus tremula in phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.


The GT37 family from Arabidopsis contains 10 members, of which FUCOSYLTRANSFERASE 4 (FUT4), FUT6 and FUT7 were shown to add fucose to AGP glycans (Tryfona et al., 2014; Ruprecht et al., 2020). The Populus genome contains seven FUT orthologs (Kumar et al., 2019), six of which form a distinct group in the phylogenetic tree that is separate from the Arabidopsis GT37 group (Figure 8A). This indicates that members of the GT37 family may have followed separate evolutionary expansion trajectories in Populus and Arabidopsis, which may be linked to the different life styles of these two species (woody perennial and herbaceous, respectively). Intriguingly, the GT37 family was the only GT family analyzed here that showed such a clear group differentiation in Populus and Arabidopsis. The closest Arabidopsis ortholog to the PtGT37 group is AtFUT3. AtFUT3 and the other Arabidopsis FUTs were proposed to be fucosyltransferases involved in cell wall biosynthesis because their overexpression increased fucose levels in the cell walls of transgenic Arabidopsis (Sarria et al., 2001). In support of this interpretation heterologous expressed AtFUT1, which is the closest homolog to AtFUT3, was able to transfer fucose to a galactose on the xyloglucan core (Cicéron et al., 2016). AtFUT4 and AtFUT6 have been shown to act redundantly in synthesizing fucose on AGP side chains (Tryfona et al., 2014). Recently, in vitro characterization of recombinant AtFUT4, AtFUT6, and AtFUT7 showed specific fucosyltransferase activity on α-1,3 galactose linked arabinofuranose (Ruprecht et al., 2020). Of the seven PtGT37 genes, five are expressed in the developing wood zone but each one has a unique expression profile, with a peak in either the phloem/cambium, expansion zone, secondary cell wall formation zone, or maturation zone (Figure 8B).
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FIGURE 8. The phylogeny and expression of the GT37 (FUT) proteins in Populus. (A) Phylogenetic tree describing the phylogeny of the GT37 (FUT) proteins from Populus trichocarpa and Arabidopsis thaliana. Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. (B) Heatmap depicting the relative expression of GT37 (FUT) proteins from Populus tremula in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.


The GT14 family exhibits β-glucuronosyltransferase (GlcAT14) activity and can thus transfer glucuronic acids to the side chains of AGP glycans. The Arabidopsis genome contains 11 GlcAT14 enzymes, of which GlcAT14A, B, C, D, and E have been characterized as β-glucuronosyltransferases (Knoch et al., 2013; Dilokpimol and Geshi, 2014; Lopez-Hernandez et al., 2020). The Populus genome contains 17 GT14 orthologs (Kumar et al., 2019), including close orthologs of the characterized Arabidopsis GlcAT14s (Figure 9A). Several of the Populus GT14 genes are expressed most strongly in the last stage of the expansion zone and/or the secondary cell wall formation zone, suggesting that they have important roles in wood biomass accumulation (Figure 9B). The glucuronic acid on AGP glycans was shown to be attached by AtGlcAT14 enzymes, and was recently shown to be important for pH-dependent calcium binding (Lamport and Varnai, 2013; Lopez-Hernandez et al., 2020). It was therefore suggested that this mechanism could play some role in intracellular calcium signaling. PtGT14 family members could play a similar role during wood development. However, it is unlikely that all of the GT14s expressed in developing wood are involved in HRGP glycosylation. The glucuronic acid side chains introduced during AGP glycosylation can be methylated by enzymes from the DUF579 family. Ten members of this family have been identified in the Arabidopsis genome, including some that were shown to have the glucuronoxylan methyltransferase (GXM) or arabinogalactan methylesterase (AGM) activity responsible for methylation of glucuronic acid moieties attached to AGP glycans (Temple et al., 2019). The Populus genome contains 11 DUF579 orthologs, including two close orthologs of the characterized AGM enzymes (Figure 10A). These two orthologs are expressed relatively strongly at the end of secondary cell wall zone, and one also has an expression peak in the cambium (Figures 10A,B). The biological function of AGP glucuronic acid methylation is unknown because an Arabidopsis agm1agm2 double mutant exhibited no obvious defects. Temple et al. (2019) proposed that the methylation could affect pH-dependent calcium binding or prevent the addition of 4-linked sugars such as rhamnose to AGP glycan side chains, thereby potentially affecting their attachment to pectin side chains.
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FIGURE 9. The phylogeny and expression of GT14 (GlcAT14) proteins in Populus. (A) Phylogenetic tree describing the phylogeny of GT14 (GlcAT14) proteins from Populus trichocarpa and Arabidopsis thaliana. Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. (B) Heatmap depicting the relative expression of GT14 (GlcAT14) proteins from Populus tremula in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.
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FIGURE 10. The phylogeny and expression of AGM proteins from DUF579 family in Populus. (A) Phylogenetic tree describing maximum likelihood phylogeny of the protein sequences of DUF579 family proteins from Populus trichocarpa and Arabidopsis thaliana. Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. (B) Heatmap depicting the relative expression of two AGM proteins from Populus tremula in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.


The glycosylation of EXTs is catalyzed by a rather small group of enzymes in Arabidopsis. The serine in the EXT SP3, SP4, or SP5 motifs is glycosylated by serine α-1,3-galactosyltransferase (SGT1) (Saito et al., 2014), which has one ortholog in the Populus genome (Figure 11A). The hydroxyprolines of the EXT motifs are glycosylated with a β-1,4-arabinose by hydroxyproline O-arabinosyltransferases 1-3 (HPAT1-3) (Ogawa-Ohnishi et al., 2013). The Populus genome contains six HPAT orthologs with expression peaks in all zones except the phloem and wood maturation zone (Figure 11A). The second β-1,2-arabinose unit is added by reduced residual arabinose 1–3 (RRA1-3) (Egelund et al., 2007). Both the Arabidopsis and Populus genomes contain three orthologs of the RRA proteins. A third β-1,2-arabinose unit is then attached by XEG113, followed by an α-1,3-arabinose attached by α-arabinosyltransferase (ExAD) (Gille et al., 2009; Moller et al., 2017). Both XEG113 and ExAD have only one close ortholog in the Populus genome (Figure 11A). This is somewhat surprising because many Arabidopsis genes have two or more Populus orthologs due to the more recent genome duplication in the Populus lineage (Tuskan et al., 2006). All of the genes coding for enzymes predicted to be involved in EXT glycosylation have expression peaks in specific wood developmental zones, supporting the hypothesis that EXTs have specific functions during wood development (Figure 11B). Arabidopsis mutants impaired in these enzymes exhibited reduced root hair growth, establishing that the glycosylations they catalyze have important effects on tip growth in these specialized cells (Velasquez et al., 2011). It can thus be hypothesized that some EXTs and enzymes that catalyze their glycosylation may be involved in the intrusive tip growth of xylem fibers during wood formation.
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FIGURE 11. The phylogeny and expression of enzymes involved in the glycosylation of EXT proteins in Populus. (A) Phylogenetic tree describing the phylogeny of the enzymes involved in the glycosylation of EXTs from Populus trichocarpa and Arabidopsis thaliana. Phylogenic trees were constructed using maximum likelihood method of MEGA-X in default mode with bootstrap test of 1000 replicates. The numbers beside the branches correspond to % bootstrap values. (B) Heatmap depicting the relative expression of enzymes involved in the glycosylation of EXTs from Populus tremula in the phloem (P), cambium (C), xylem expansion zone (Exp), xylem secondary cell wall formation zone (Scw), and xylem maturation zone (Mat). Expression values are scaled per gene so that expression values above the gene average are shown in red and below average in blue. n = 4 biological replicates.




Localization of AGP- and Extensin-Linked Epitopes in Mature Wood

The gene expression analysis showed that several of the AGPs and EXTs are expressed late in wood development, indicating possible functions in mature wood. To investigate this possibility, we performed immunolabelling on hybrid aspen (P. tremula × P. tremuloides) wood cross-sections using monoclonal antibodies that bind to epitopes present in AGPs or EXTs (Supplementary Table 1).

All of the anti-AGPs generated fluorescence signals in the cell walls of xylem ray cells (Figure 12). The signals observed from LM2, LM14, and MAC207 were appreciably weaker (Figures 12A–C) than those for JIM8, JIM13, and JIM14 (Figures 12D–F). The JIM16 signal was concentrated in clusters between adjacent xylem vessels or between vessel and ray cells (Figure 12G), possibly indicating that the JIM16 epitope has a specific function in the pit structures connecting vessels. JIM16 binds to β-1,3-galactan substituted with a single β-1,6-linked galactose residue (Ruprecht et al., 2017), which may be associated with reduced AGP side chain lengths.
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FIGURE 12. Distribution of the AGP epitopes in mature wood of hybrid aspen Populus tremula × P. tremuloides. Cross-sections of stems from 3-month-old trees were immunolabelled with a set of seven anti-AGP monoclonal antibodies: LM2 (A), LM14 (B), MAC207 (C), JIM8 (D), JIM13 (E), JIM14 (F), and JIM16 (G). Observations were made with an inverted confocal laser scanning microscope Zeiss LSM 780 (λexcitation, 514 nm; λemission, 535–650 nm). Fluorescence images are maximum intensity Z-projections of several focal planes. Immunolabelling were performed on sections from at least three different trees. Scale bars for LM2, LM14, MAC207 and JIM8: 200 μm. Scale bars for JIM13, JIM14, and JIM16: 50 μm. V, xylem vessel; RC, ray cells.


All five extensin epitope antibodies displayed the same well-defined signal pattern (Figure 13). It is not clear which kinds of EXTs were labeled in this case because transcripts of classical EXTs were not detected in developing wood (Figure 3). A similar pattern was observed with all five anti-extensin antibodies, suggesting that the EXTs were correctly and fully O-glycosylated. The putative extensin glycosylating enzymes were expressed relatively weakly in the maturation zone (Figure 11). This may indicate that EXTs are glycosylated during active cell wall biosynthesis and are long-lived cell wall components. The similar signal patterns of the EXTs also suggest that the entire EXT glycan is easily accessible to antibodies. The EXT epitopes were observed in the cell walls of xylem vessels, forming clusters oriented toward the ray cells (Figures 13A–E) or neighboring xylem vessels (Figure 13F). These signal clusters were similar to but more defined than those observed for the anti-AGP JIM16. The location of extensin epitopes overlaps with that of the pits connecting xylem vessels and those connecting ray cells and vessels. We thus hypothesize that EXTs form part of the pit structure that enables control over solute transport between cells. These pits were shown to mainly contain cellulose, lignin, and pectins (Herbette et al., 2015); to our knowledge, the presence of EXTs or other HRGPs has not previously been reported. We speculate that EXTs play a structural role in the pits and help modulate their ultrastructure and permeability. Such a matrix modifying role would be consistent with previously proposed EXT functions in cell walls (Cannon et al., 2008; Lamport et al., 2011; Pereira et al., 2011; Chormova and Fry, 2016; Marzol et al., 2018).
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FIGURE 13. Distribution of the extensin epitopes in mature wood of hybrid aspen Populus tremula × P. tremuloides. Cross-sections of stems from 3-month-old trees were immunolabelled with a set of five anti-extensin monoclonal antibodies: LM1 (A), JIM11 (B), JIM12 (C), JIM19 (D), and JIM20 (E,F). Observations were made with an inverted confocal laser scanning microscope Zeiss LSM 780 (λexcitation, 514 nm; λemission, 535–650 nm). Fluorescence images are maximum intensity Z-projections of several focal planes. Immunolabelling were performed on sections from at least three different trees. Scale bars: 50 μm. V, xylem vessel.




The Structure of AGP and EXT Glycans Differs Between Populus Stem Tissues

To complement the bioinformatic and phylogenetic survey of HRGPs in the different developmental zones of Populus wood and the immunolocalization of HRGP epitopes in mature wood, we analyzed the structures of AGPs and EXTs in the water-soluble fractions of the phloem/cambium, developing xylem, and mature xylem. To study the AGPs present in these tissues, the water-extracted fractions from these tissues were separated by agarose gel electrophoresis and then stained with β-D-glucosyl Yariv, a reagent that binds specifically to β-1,3-galactan, which is thought to form the backbone of AGP glycans (Kitazawa et al., 2013). AGPs from developing and mature xylem migrated faster in the agarose gel than phloem/cambium AGPs (Figure 14A). Because differences in electrophoretic mobility are related to differences in the size and/or configuration of the AGPs carbohydrate moieties, these results show that the AGPs in the phloem/cambium are on average larger than those in the xylem fractions (Figure 14A). The electrophoresis-based assays also suggested that the quantity of AGPs per unit dry mass of tissue differed between the samples. To assess this quantitatively, the content of AGPs in the different stem tissues was determined using a β-D-glucosyl Yariv colorimetric assay, which confirmed that there were significant differences in AGP content between phloem/cambium, developing xylem, and mature xylem (Figure 14B). The AGP concentration was highest in phloem/cambium (8.2 μg/mg dry weight) and lowest in mature xylem (3.4 μg/mg dry weight). Overall, these results show that the AGP populations of different stem tissues differ in both size and structure, and that these differences may be related to either the composition of the glycan part and/or their interactions with other cell wall components.
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FIGURE 14. Linear AGP profiles by agarose-gel electrophoresis and quantification of AGPs by β-D-glucosyl Yariv. (A) Water-extracted AGPs from 15 mg dried plant material were separated by 1% (w/v) agarose gel electrophoresis followed by staining with 10 μg β-D-glucosyl Yariv reagent and further destaining in 1% NaCl. Different populations of AGPs are observed. (B) Colorimetric assay using β-D-glucosyl Yariv was applied to measure AGPs content as microgram per milligram of dry weight. Statistical differences were determined by one-way ANOVA, different letters (a, b and c) on each bar indicate significant differences (P < 0.001) according to a t-test. n = 5 biological replicates. Phl/Cam, phloem/cambium; Dev xylem, Developing xylem; Mat xylem: mature xylem.


To shed further light on the differences in glycosylation structure between the tissues, the HRGPs were separated by size using SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF) membranes and probed with AGP and EXT antibodies (Supplementary Table 1). As expected given the mobility of heavily glycosylated proteins in SDS-PAGE, labeling with antibodies against both AGPs and EXTs generated broad smears rather than well-defined bands on the Western blots. The molecular masses of the corresponding glycoproteins ranged from 40 to 200 + kDa (Figure 15). There were clear differences between the studied tissues with respect to the labeling intensities of specific AGPs and EXTs, particularly between the xylem and the phloem/cambium (Figure 15). For example, the phloem/cambium extract exhibited higher signal intensities for all tested mAbs except JIM14 and JIM19, which gave stronger signals in the xylem. Interestingly, HRGP epitope heterogeneity and variation between tissues was also reported when synthetic glycoproteins containing AGPs/extensins motifs were expressed in Arabidopsis (Estevez et al., 2006). Since amino acids account for <10% of the molecular mass of AGPs, with carbohydrates comprising the remaining 90%, the differences in molecular size between the tissues are likely due to heterogeneity in the glycan structures. Alternatively, the differences could be due to the formation of complexes between AGPs and other cell wall components, which could be more extensive in phloem tissues. Associations between AGPs and pectin have been observed in several species (Oosterveld et al., 2002; Immerzeel et al., 2006; Cannesan et al., 2012; Tan et al., 2013). Interestingly, the AGPs recognized by JIM14 were barely detectable in phloem/cambium extracts. Additionally, extracts from mature xylem exhibited at most weak signals after western blotting with LM2, LM14, JIM12, and JIM20 whereas the labeling was slightly stronger in extracts from developing xylem. This suggests that these tissues differ with respect to either the carbohydrate structures of AGPs and EXTs or the accessibility of their carbohydrate epitopes to the tested mAbs. Such differences could be due to differences in cell wall organization (Eeckhout et al., 2014). The differences in LM2 labeling are particularly surprising (Figure 15 and Supplementary Table 1) because β-glucuronosyltransferase (GlcAT14) is most strongly expressed in the secondary cell wall formation zone of the wood (Figure 9B). Although transcript level does not necessarily reflect corresponding protein level, we speculate that the glucuronic acid on AGP glycans might facilitate binding to other cell wall matrix polymers (Tan et al., 2013), a possibility that is supported by the strong signal in the high molecular mass (200 kDa+) region of the western blot. Also the attachment of methyl groups to glucuronic acid by AGM (Figure 10B) may hinder the binding of LM2, and contribute to its comparatively low signal intensity in the xylem (Figure 15).


[image: image]

FIGURE 15. Western blot analysis of AGPs in stem tissues of aspen. Water-extracted AGPs from 2 mg dried plant material were loaded per lane, separated in SDS-PAGE according to size and transfered onto a PVDF membrane. Epitopes were detected by different anti-AGPs mAbs (JIM8, JIM13, JIM14, JIM16, LM2, LM14, and MAC207) and anti-extensins mAbs (JIM12, JIM19, JIM20, and LM1). Molecular mass (kDa) is indicated on the left. M, marker; Phl/Cam, phloem/cambium; Dev xylem, developing xylem; Mat xylem: mature xylem.





CONCLUSION

A total of 157 HRGPs are expressed during secondary growth of Populus stems. Many of these genes have well-defined spatio-temporal expression patterns suggesting that they have roles in specific developmental and cell wall biosynthesis processes. The functionally important HRGP glycan structures differ between stem tissues, and these differences can be at least partly explained by the expression of different HRGPs and GTs. Additionally, the new finding that EXTs are associated with the pit regions of xylem vessels opens a new line of investigation into EXT role in xylem sap transport. The structure (porosity and thickness) of pit membranes is critical in preventing the spread of vascular pathogens and embolism making this observation relevant for understanding of stress responses in trees. The findings presented here will serve as a basis for targeted studies using RNAi and CRISPR strategies to determine the biological function of HRGPs during secondary growth of trees.
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Arabinogalactan-proteins (AGPs) are a large, complex, and highly diverse class of heavily glycosylated proteins that belong to the family of cell wall hydroxyproline-rich glycoproteins. Approximately 90% of the molecules consist of arabinogalactan polysaccharides, which are composed of arabinose and galactose as major sugars and minor sugars such as glucuronic acid, fucose, and rhamnose. About half of the AGP family members contain a glycosylphosphatidylinositol (GPI) lipid anchor, which allows for an association with the outer leaflet of the plasma membrane. The mysterious AGP family has captivated the attention of plant biologists for several decades. This diverse family of glycoproteins is widely distributed in the plant kingdom, including many algae, where they play fundamental roles in growth and development processes. The journey of AGP biosynthesis begins with the assembly of amino acids into peptide chains of proteins. An N-terminal signal peptide directs AGPs toward the endoplasmic reticulum, where proline hydroxylation occurs and a GPI anchor may be added. GPI-anchored AGPs, as well as unanchored AGPs, are then transferred to the Golgi apparatus, where extensive glycosylation occurs by the action of a variety glycosyltransferase enzymes. Following glycosylation, AGPs are transported by secretory vesicles to the cell wall or to the extracellular face of the plasma membrane (in the case of GPI-anchored AGPs). GPI-anchored proteins can be released from the plasma membrane into the cell wall by phospholipases. In this review, we present an overview of the accumulated knowledge on AGP biosynthesis over the past three decades. Particular emphasis is placed on the glycosylation of AGPs as the sugar moiety is essential to their function. Recent genetics and genomics approaches have significantly contributed to a broader knowledge of AGP biosynthesis. However, many questions remain to be elucidated in the decades ahead.

Keywords: arabinogalactan-proteins, arabinogalactan-proteinbiosynthesis, glypiation, proline hydroxylation, glycosylation, glycosyltransferases, hydroxyproline, cell wall


THE PLANT CELL WALL: THE PROTECTOR OF THE REALM

Plant growth and development are essential processes that are regulated and supported by the cell wall (Serpe and Nothnagel, 1999). The plant cell wall is a dynamic and complex structure composed of different components that act together and contribute to cell wall architecture and function (Somerville et al., 2004). The cell wall plays different key roles in plant growth and development, cell differentiation, environmental sensing and signaling, intercellular communication, water movement, and defense against invading pathogens (Cosgrove, 2005; Jamet et al., 2008; Malinovsky et al., 2014; Bacete et al., 2018). Typically, the primary cell wall is a thin (0.1–1 μm) and flexible layer composed of three major classes of polysaccharides, namely cellulose, hemicelluloses, and pectins, along with cell wall proteins (CWPs; Somerville et al., 2004; Cosgrove, 2005; Atmodjo et al., 2013; Anderson and Kieber, 2020). Some specific cell types also include lignins (Jamet et al., 2006). Approximately 15% of the 27,000 Arabidopsis thaliana genes are involved in cell wall synthesis, modification, and turnover (Carpita et al., 2001; Wang et al., 2012).

Polysaccharides constitute up to 90–95% of the cell wall mass, whereas CWPs account for 5–10% (Cassab and Varner, 1988; Jamet et al., 2008). CWPs are dedicated to cell wall support, structure, signaling, and interactions with other proteins (Jamet et al., 2006). CWPs are classified into nine functional categories in Arabidopsis: (1) proteins acting on carbohydrates, which include glycoside hydrolases (GHs), glycosyltransferases (GTs), carbohydrate esterases, polysaccharide lyases, and expansins; (2) oxido-reductases such as peroxidases, multicopper oxidases, berberine bridge enzyme, and blue copper binding proteins; (3) proteases like serine carboxypeptidases and aspartic, cysteine, and serine proteases; (4) proteins with interaction domains, for example, lectins, leucine-rich repeat domains, and enzyme inhibitors; (5) proteins possibly involved in signaling, which include arabinogalactan-proteins (AGPs) and receptors; (6) structural proteins like glycine-rich proteins, extensins (EXTs), leucine-rich-repeat extensins, and proline-rich proteins (PRPs); (7) proteins related to lipid metabolism, for instance, glycine, aspartic acid, serine, leucine (GDSL) lipases and lipid transfer proteins; (8) miscellaneous proteins such as purple acid phosphatases, phosphate-induced proteins, and germin; and (9) unknown function proteins with domains of unknown function (DUFs; Showalter, 1993; Jamet et al., 2008; Albenne et al., 2013).

The cell wall hydroxyproline-rich glycoproteins (HRGPs) superfamily is subdivided into three families: lightly glycosylated PRPs, moderately glycosylated EXTs, and highly glycosylated AGPs (Showalter, 1993; Nothnagel, 1997; Showalter et al., 2010; Hijazi et al., 2014; Johnson et al., 2017b). HRGPs are extracellular intrinsically disordered proteins (IDPs) as they are rich in Pro, the most disorder-promoting residue due to its rigid conformation and have motifs that direct posttranslational modifications (Johnson et al., 2017a).



ARABINOGALACTAN-PROTEINS: ALL YOU NEED IS SUGAR

AGPs are one of the most complex and diverse families of glycoproteins found in plants. AGPs may have a core-protein backbone rich in Pro/Hyp, Ala, Ser, and Thr (PAST) decorated by a diversity of carbohydrates (Showalter, 1993; Chasan, 1994; Schultz et al., 2002; Showalter et al., 2010). The amino acids of AGPs are often arranged in characteristic dipeptide repeats: Ala-Hyp, Ser-Hyp, Thr-Hyp, introduced as AG glycomodules (Tan et al., 2003; Ellis et al., 2010). The carbohydrate moiety of AGPs represents more than 90% of their total molecular mass, and it is composed mainly of arabinose (Ara) and galactose (Gal), as well as minor sugars such as glucuronic acid (GlcA), fucose (Fuc), rhamnose (Rha), and xylose (Xyl; Clarke et al., 1979; Fincher et al., 1983; Showalter, 1993; Chasan, 1994). AGPs have different molecular weights that reflect different extents of glycosylation of their specific protein cores. The extensive glycosylation of the protein backbone confers resistance to proteolysis (Showalter, 1993). Approximately half of the AGP family members are predicted to be tethered to the plasma membrane by a glycosylphosphatidylinositol (GPI) lipid anchor, being perfect candidates for signal perception and transduction (Youl et al., 1998; Oxley and Bacic, 1999; Sherrier et al., 1999; Svetek et al., 1999; Borner et al., 2002, 2003; Seifert and Roberts, 2007).

Positive reactions with β-Yariv reagent, a chemical reagent that specifically binds to the β-(1→3)-linked D-Galp backbone of AGPs (Yariv et al., 1967; Kitazawa et al., 2013), and immunolocalization studies with monoclonal antibodies that recognize AGP epitopes have shown that AGPs are ubiquitous in the plant kingdom, from bryophytes to angiosperms, and are also present in many algae (Clarke et al., 1979; Fincher et al., 1983; Showalter, 1993; Serpe and Nothnagel, 1999; Lee et al., 2005; Hervé et al., 2016). These glycoproteins were conserved during evolution, presumably because of their vital roles in plants (Serpe and Nothnagel, 1999). AGPs are found in plant cell walls, plasma membranes, apoplastic spaces, secretions, and intracellular multivesicular bodies (Herman and Lamb, 1992; Serpe and Nothnagel, 1999; Majewska-Sawka and Nothnagel, 2000; Ellis et al., 2010; Nguema-Ona et al., 2012).

AGPs are expressed in distinct cells and tissues and at particular stages of development. AGPs are a heterogenous family with their members, individually or collectively, implicated to function in many plant growth and development processes, such as cell proliferation and programed cell death, cell-cell signaling, embryo and postembryonic pattern formation, somatic embryogenesis, female and male gametophyte development, cell wall plasticizers, pollen tube growth and guidance, pollen incompatibility, root growth, xylem differentiation, secondary wall deposition, hormone signaling pathways, plant microbe interactions, and abiotic stress responses (reviewed in Showalter, 2001; Gaspar et al., 2004; Seifert and Roberts, 2007; Ellis et al., 2010; Nguema-Ona et al., 2013; Pereira et al., 2016). Recently, classical AGPs have been proposed to make a three-fold contribution: as a primary source of cytosolic Ca2+, as a pectic plasticizer and as Ca2+ signposts to the ovule (Lamport et al., 2018).



FINDING AND CLASSIFYING AGPS: A HISTORY OVERVIEW

AGPs were initially discovered as polysaccharides isolated from suspension-cultured sycamore (Acer pseudoplatanus L.) cells (Aspinall et al., 1969). Since then, AGPs have fascinated and challenged researchers with their huge diversity of protein backbones discovered by genome sequencing. Two decades ago, the term AGP was defined as a group of molecules that presents three criteria (Clarke et al., 1979; Du et al., 1996; Knox, 1999): a core-protein backbone rich in Hyp; type II arabino-3,6-galactan polysaccharides (AGs); and the ability to bind to Yariv reagents (Yariv et al., 1962, 1967). However, since then, investigators have discovered that several AGPs do not fit these criteria (Du et al., 1996), as it is the case of AG-peptides from wheat (Fincher et al., 1974) and two glycoproteins from Nicotiana alata style that do not bind the Yariv reagent (Lind et al., 1994; Sommer-Knudsen et al., 1996). Moreover, other AGPs are histidine-rich (Kieliszewski et al., 1992) or have short oligoarabinosides (Qi et al., 1991).

AGPs cDNA were first isolated, cloned, and sequenced in 1994 from cultured pear (Pyrus communis) cells (Chen et al., 1994) and from N. alata styles (Du et al., 1994). AGPs were first classified based on the amino acid sequence composition as classical AGPs and non-classical AGPs (Mau et al., 1995; Du et al., 1996). Classical AGPs are characterized by the presence of an N-terminal hydrophobic secretion signal sequence, a central domain rich in PAST residues (including sites for Hyp-O-glycosylation) and potentially a hydrophobic C-terminal anchor addition sequence that directs the attachment of a GPI anchor (Du et al., 1996). Non-classical AGPs contain an N-terminal hydrophobic secretion signal sequence followed by one or more PAST-rich regions, which can be Hyp-O-glycosylated, along with other non-PAST rich regions, such as hydrophilic C-terminal Asn-rich domains (Mau et al., 1995; Du et al., 1996).

After the sequencing of the Arabidopsis genome in 2000 by the Arabidopsis Genome Initiative (AGI; Kaul et al., 2000), Borner et al. (2002) identified on the basis of sequence analysis 210 predicted GPI-anchored proteins and over 40% of these proteins had putative AG glycomodules, including 13 classical AGPs, 9 AG peptides, 18 fasciclin-like proteins, 8 phytocyanin-like proteins, 8 early nodulin-like proteins, and 9 lipid transfer protein-like proteins. In the same year, Schultz et al. (2002) conducted the first bioinformatics identification of AGPs based on sequence analysis, the amino acid bias method identified and classified 47 candidate AGP genes in four different classes: classical AGPs (13), Lys-rich AGPs (3), AG peptides (10), and fasciclin-like AGPs (FLAs; 21). The other classes are structurally similar to the classical AGPs but have different lengths and domains in their polypeptide core. AG peptides are short classical AGPs with only 10–13 amino acids (Schultz et al., 2000). Lys-rich AGPs contain a Lys-rich domain of approximately 16 amino acid residues between a Pro-rich domain and the C-terminus (Schultz et al., 2002; Sun et al., 2005). FLAs can have one or two fasciclin-like (FAS1) cell adhesion domains with 110–150 amino acids and one or two AGP domains (Gaspar et al., 2001; Schultz et al., 2002; Johnson et al., 2003). Then, Showalter et al. (2010) conducted a bioinformatics approach using the BIO OHIO program to identify HRGPs in the Arabidopsis genome based on the amino acid composition and specific motifs. This analysis allowed the identification of 166 HRGPs: 85 AGPs, 59 EXTs, 18 PRPs, and four hybrid AGP/EXTs (HAEs), which contain modules characteristic of AGPs and EXTs.

Nowadays, with the improvement of technologies, whole genome sequences of several plant species have been annotated, which allowed bioinformatic identification of AGPs and consequently, an update on AGPs classification. A bioinformatics approach named as finding-AGP based on AG glycosylation has been performed in 47 plant species from Chlorophyta to Eudicot, enabling the identification of thousands of putative AGPs. The number of AGPs varied between 48 in Amborella trichopoda and 313 in Glycine max, with 151 AGPs being identified in Arabidopsis (Ma et al., 2017). According to their polypeptide core and based on the presence/absence of particular motif/domains, AGPs are now classified into classical AGPs, AG peptides, Lys-rich AGPs, FLAs, early nodulin-like AGPs (ENODLs) with plastocyanin-like domains, xylogen-like AGPs (XYLPs) with non-specific lipid transfer protein (nsLTP) domains, other chimeric AGPs that do not belong in any of the mentioned groups and HAEs (Borner et al., 2002, 2003; Schultz et al., 2002; Johnson et al., 2003; Mashiguchi et al., 2009; Ma and Zhao, 2010; Showalter et al., 2010; Kobayashi et al., 2011; Ma et al., 2017). Therefore, we propose that AGPs should be defined as a large family of glycoproteins, which can share common features, such as the typical protein domain rich in PAST, the occurrence of Ala-Hyp, Ser-Hyp, and/or Thr-Hyp dipeptide repeats, the occurrence of an N-terminal hydrophobic secretion signal sequence, the presence of type II AGs attached to Hyp residues, the ability to interact with the synthetic chemical dye β-Yariv reagent (Yariv et al., 1962, 1967), which recognizes the β-1,3-Gal main chains of type II AGs (Kitazawa et al., 2013), the possibility to be attached to the plasma membrane by a C-terminal GPI anchor and the potential presence of other functional domains.



AGP BIOSYNTHESIS PATHWAY: THE SUGAR FACTORY

The biosynthesis of AGPs comprises the addition and removal of amino acids, lipids, and carbohydrates. As some AGPs are composed of approximately 90% sugar, the AGP biosynthetic pathway resembles a candy factory occurring inside the cells. The production line involves sequential operations and begins with the translation of the N-terminal signal sequence of AGPs on ribosomes, which allows entry into the endoplasmic reticulum (ER) and endomembrane system (Figure 1A). Translation continues of the AGPs with concomitant removal of the signal peptide (Figure 1A) and hydroxylation of Pro residues by prolyl hydroxylase enzymes located in the ER (Walter and Johnson, 1994; Schatz and Dobberstein, 1996; Faye et al., 2005; Figure 1B). The resulting AGP backbone can be further modified in the ER if it contains a GPI anchor addition sequence (Schultz et al., 1998; Yeats et al., 2018; Figure 1C). Subsequently, AGPs, either free in the ER lumen or tethered to the ER membrane by a GPI anchor (Figure 1C), are transported to the Golgi apparatus to allow for the successive addition of various monosaccharide units to the protein backbone (Figure 2A). Several enzymes constitute the required machinery for these consecutive sugar additions, and once the process is finished, the final products are transported to the plasma membrane for direct release to the cell wall (if no GPI anchor is present) or immobilized to the outer leaflet of the plasma membrane via a GPI anchor, with the bulk of these AGPs occurring in the periplasmic space (Figure 2B). Subsequent proteolytic processing can cleave the GPI anchor and release the AGP to the cell wall (Schultz et al., 1998).
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FIGURE 1. Detailed steps of the biosynthesis of AGPs in the endoplasmic reticulum (ER). (A) The N-terminal sequence is translated on the ribosomes, allowing the entry of the AGP into the ER. The N-terminal signal is removed and the AGP mRNA continues to be translated to produce the AGP protein backbone. (B) In the ER lumen, proline (Pro) residues are converted to hydroxyproline (Hyp) residues by prolyl-4-hydroxylases (P4Hs; Pro hydroxylation) and the C-terminal GPI anchor signal sequence is removed. The arrows indicate the site of action of P4Hs. (C) The preassembled GPI anchor is attached to the ω site of the mature protein via a transamidation reaction catalyzed by the transamidase complex (GPI-T). AtAGP13 (At4g26320; NM_118765) and AtAGP42 (At1g51915; NM_104072), two AG peptides were used as models in the schematic (left and right AGP, respectively). AtAGP13 (Q9STQ3-1) and AtAGP42 (Q8L9S8-1) have the smallest amino-acid sequence predicted to have or not a GPI anchor, respectively (Showalter et al., 2010). The extended Pro hydroxylation code was applied to determine, which Pro residues are hydroxylated (Canut et al., 2016; Duruflé et al., 2017). In these cases, only Pro residues after alanine (Ala) residues were converted to Hyp. Signal peptides and C-terminal anchor addition sequence positions were determined using UniProt (The UniProt Consortium, 2019). The GPI model structure was based on the GPI of PcAGP1 (Oxley and Bacic, 1999), which consists of phosphoethanolamine attached to the protein, three mannoses, one galactose, and glucosamine-inositol linked to phosphoceramide. Created by BioRender.com.
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FIGURE 2. Detailed steps of the biosynthesis of AGPs after transport from the endoplasmic reticulum (ER). (A) AGPs are transported to the Golgi, where type II arabinogalactan polysaccharides (AGs) are O-glycosidically linked to hydroxyproline (Hyp) residues by glycosyltransferases (GTs). (B) O-glycosylated AGPs are transported via Golgi vesicles to the cell wall, where they remain temporarily attached to the outer leaflet of the plasma membrane (PM) in the case of GPI-anchored AGPs. GPI-anchored AGPs may be released from the PM by PI-PLC phospholipase. The AGs may be cleaved by glycoside hydrolases (GHs). The arrows indicate the site of action of GTs (A), GHs and PI-PLC (B). AtAGP13 (At4g26320; NM_118765) and AtAGP42 (At1g51915; NM_104072), two AG peptides were used as models in the schematic (left and right AGP, respectively). AtAGP13 (Q9STQ3-1) and AtAGP42 (Q8L9S8-1) have the smallest amino-acid sequence predicted to have or not a GPI anchor, respectively (Showalter et al., 2010). Based on the Hyp contiguity hypothesis, non-contiguous Hyp residues are arabinogalactosylated. The GPI model structure was based on the GPI of PcAGP1 (Oxley and Bacic, 1999), which consists of phosphoethanolamine attached to the protein, three mannoses, one galactose, and glucosamine-inositol linked to phosphoceramide. Created by BioRender.com.



Pro Hydroxylation: Getting Ready

The N-terminal signal sequence, recognized by the signal recognition particle, is proteolytically removed, directing AGPs into the ER, where extensive post-translational modifications begin (Walter and Johnson, 1994; Schatz and Dobberstein, 1996; Figure 1A). Pro hydroxylation is a prerequisite for O-glycosylation of CWPs on Hyp residues (Faye et al., 2005). Pro hydroxylation begins in the ER and selected Pro residues are converted to Hyp residues by a multigene family of enzymes, prolyl-4-hydroxylases (P4Hs) providing reactive hydroxyl groups for O-glycosylation (Faye et al., 2005; Yuasa et al., 2005; Hijazi et al., 2014; Nguema-Ona et al., 2014; Figure 1B). P4Hs (EC 1.14.11.2) belong to the family of 2-oxoglutarate-dependent dioxygenases and catalyze the formation of 4-Hyp requiring 2-oxoglutarate and O2 as co-substrates, Fe2+ as cofactor and ascorbate (Kivirikko and Myllyharju, 1998; Vlad et al., 2007). Several plant P4Hs have been partially characterized in vitro and in vivo: AtP4H1 (Hieta and Myllyharju, 2002; Asif et al., 2009), AtP4H2 (Tiainen et al., 2005; Velasquez et al., 2011b), AtP4H5 and AtP4H13 (Velasquez et al., 2011a,b 2015), NtP4H (Yuasa et al., 2005), DcP4H1 and DcP4H2 (Vlad et al., 2010), and CrP4H1 (Keskiaho et al., 2007). Only the activity of AtP4H1 and AtP4H2 from the 13 member P4H family in Arabidopsis has been fully characterized (Velasquez et al., 2015). Recent evidence indicates that P4Hs may form protein complexes required for Pro hydroxylation as AtP4H5 forms homodimers/heterodimers with AtP4H2 and AtP4H13 in the Golgi (Velasquez et al., 2015).

To date it remains difficult to predict with confidence, which Pro residues will be hydroxylated (Duruflé et al., 2017). The extended Pro hydroxylation code, based on the initial Pro hydroxylation rules (Kieliszewski and Lamport, 1994) and additional experimental LC-MS/MS and Edman sequencing data, indicates that Pro residues are typically hydroxylated when they occur after Ala, Gln, Hyp, Pro, Ser, Thr, and Val residues (Canut et al., 2016; Duruflé et al., 2017).



Glypiation: GPI Anchoring

The addition of GPI-anchors, also referred to as glypiation, is a post-translational modification allowing AGPs to be attached to the plasma membrane (Duruflé et al., 2017). In Arabidopsis, 55 of the 85 identified AGPs are predicted to contain a GPI-anchor addition motif (Showalter et al., 2010). GPI-anchors allow attachment of proteins to the cell surface and may increase their lateral mobility in the membrane, exclusion from clathrin-coated pits, targeting to membrane microdomains/lipid rafts, and function in signal transduction pathways (Schultz et al., 1998; Ellis et al., 2010; Desnoyer and Palanivelu, 2020). The GPI-attachment signal (GAS) in the C-terminal region of the protein consists of ~11 polar residues, followed by the ω region of ~4 small residues containing the ω site, a spacer region of ~6 moderately polar residues and a C-terminal hydrophobic region of variable length between 9 and 24 residues (Schultz et al., 1998; Eisenhaber et al., 2003; Ellis et al., 2010; Desnoyer and Palanivelu, 2020). The highly conserved GPI moiety is initially synthesized on the cytosolic surface of the ER via the sequential addition of glucosamine, three α-linked mannosyl (Man) residues, and phosphoethanolamine to phosphatidylinositol (Schultz et al., 1998; Yeats et al., 2018; Beihammer et al., 2020; Desnoyer and Palanivelu, 2020). Although GPI anchor biosynthesis has not been biochemically studied in plants, the proteins that catalyze this pathway have been well studied in mammalian cells, yeast, and protozoa (Schultz et al., 1998; Pittet and Conzelmann, 2007; Morotti et al., 2017; Desnoyer and Palanivelu, 2020; Kinoshita, 2020). Nevertheless, this process may be conserved as orthologs of GPI biosynthetic genes are found in plant genomes (Schultz et al., 1998; Ellis et al., 2010; Desnoyer and Palanivelu, 2020).

In mammals, the first step involves the transfer of β-N-acetylglucosamine (GlcNAc), from the nucleotide sugar UDP-GlcNAc, to phosphatidylinositol (PI) to generate GlcNAc-PI by the GPI-N acetylglucosaminyltransferase (GPI-GnT) complex, which contains seven subunits (PIG-A, PIG-C, PIG-H, PIG-Q, PIG-P, PIG-Y, and DPM2). The product formed is de-N-acetylated subsequently by PIG-L, a GPI deacetylase, to yield GlcN-PI. At some point in the process, the synthesis switches from the cytoplasmic to the luminal face of the ER by an unknown flippase enzyme. In the ER lumen, GlcN-PI is acylated by the acyltransferase PIG-W to generate GlcN-(acyl)PI. Then, three Man residues, donated by dolichol-phospho-mannose (Dol-P-Man), are sequentially added to GlcN-(acyl)PI by the GPI-mannosyltransferases PIG-M, PIG-V, and PIG-B. The addition of phosphoethanolamine (PEtN) on the third Man residue is catalyzed by PIG-O and PIG-F (Schultz et al., 1998; Ellis et al., 2010; Beihammer et al., 2020; Desnoyer and Palanivelu, 2020; Kinoshita, 2020). The resulting GPI structure is ready to be transferred to proteins but other side chains may be added, such as phosphoethanolamines or sugars may be linked to Man and acyl groups linked to inositol (Luschnig and Seifert, 2010; Beihammer et al., 2020).

The GPI biosynthetic process converges with the cotranslational insertion of the protein backbone into the ER. The GAS is recognized and proteolytically cleaved between the ω and ω + 1 sites by the GPI transamidase (GPI-T) complex and the GPI anchor is attached to the ω site of the mature protein by a transamidation reaction (Schultz et al., 1998; Ellis et al., 2010; Yeats et al., 2018; Beihammer et al., 2020; Desnoyer and Palanivelu, 2020; Figure 1C). The mammal GPI-T consists of five subunits, PIG-K, GPAA1, PIG-S, PIG-T, and PIG-U (Kinoshita, 2020).

Some GPI biosynthesis enzymes in mammals have homologs already characterized in the Arabidopsis genome: SETH1 for PIG-C, SETH2 for PIG-A, PEANUT1 (PNT1) for PIG-M, PEANUT 5 (PNT5) for PIG-W, ABNORMAL POLLEN TUBE GUIDANCE1 (APTG1) for PIG-B, AtGPI8, and AtPIG-S (Lalanne et al., 2004; Gillmor et al., 2005; Dai et al., 2014; Bundy et al., 2016; Liu et al., 2016; Beihammer et al., 2020; Desnoyer et al., 2020; Desnoyer and Palanivelu, 2020). Although several different structures of GPI anchors have been observed in several kingdoms, to date, in plants, the only known structure was determined on PcAGP1 isolated from pear (Oxley and Bacic, 1999). This structure contains a glycan moiety conserved in all eukaryotic GPI anchors, D-Manα(1–2)-D-Manα(1–6)-D-Manα(1–4)-D-GlcN-inositol with a specific β(1–4)-galactosyl substitution of the 6-linked Man residue, it is devoid of PEtN side chains and contains a phosphoceramide, composed of phytosphingosine and tetracosanoic acid, instead of the common glycerolipid (Oxley and Bacic, 1999; Ellis et al., 2010; Yeats et al., 2018; Desnoyer and Palanivelu, 2020; Figure 1C). Moreover, an AGP isolated from Rosa sp. cell suspension cultures also included a ceramide, composed of tetracosanoic acid and 4-hydroxysphinganine, as the GPI lipid component (Svetek et al., 1999). These results suggest the PI glycerolipid moiety of some GPI-anchored proteins is remodeled to contain ceramide, as described in yeast (Bosson and Conzelmann, 2007). Discovering other plant GPI structures will identify possible forms of GPI and determine the conservation of these structures in plants (Desnoyer and Palanivelu, 2020).



Glycosylation: Becoming Sweeter

AGPs free in the ER and AGPs anchored to the ER membrane are then transferred to the Golgi apparatus, where they undergo glycosylation (Figure 2A). Glycosylation is one of the major post-translational modifications found in almost every living organism. It is performed by GTs and includes N-glycosylation, O-glycosylation, and glypiation (Hurtado-Guerrero and Davies, 2012; Duruflé et al., 2017). Each of these post-translational modifications occurs on specific amino acid sequences (Duruflé et al., 2017). The addition of carbohydrates on a polypeptide backbone may affect the physico-chemical properties of a protein, including resistance to thermal denaturation, protection from proteolytic degradation, solubility, and it can alter essential biological functions (Faye et al., 2005).

N-glycosylation occurs on Asn residues in Asn-X-Ser/Thr specific sequences, where X can be any amino acid except Pro (Faye et al., 2005; Duruflé et al., 2017). N-glycosylation starts in the ER by the co-translational transfer of Glc3Man9GlcNAc2, an oligosaccharide precursor, onto the amide nitrogen of Asn residues. During the transportation of the glycoprotein along the secretory pathway, the N-glycan undergoes a maturation process that involves the removal and the addition of sugar residues in the ER and the Golgi (Faye et al., 2005; Nguema-Ona et al., 2014). Classical AGPs do not contain this conserved sequence but many chimeric AGPs, including FLAs, contain the consensus sequence for N-glycosylation (Du et al., 1996; Johnson et al., 2003; Ellis et al., 2010).

O-glycosylation is the most complex type of glycosylation and, in plants, it occurs predominantly on Hyp residues and less often on Ser and Thr residues in the Golgi apparatus (Nothnagel, 1997; Faye et al., 2005; Duruflé et al., 2017). The Golgi apparatus, the central organelle in the secretory pathway, is responsible for glycosylation, protein sorting, and secretion; it contains a diverse group of membrane-bound GTs required for synthesis of a variety of linkage types (Nikolovski et al., 2012). O-glycosylation of Hyp is a complex mechanism unique to plants that involves the transfer of a glycan from the donor substrate to the acceptor hydroxyl group of Hyp residues (Faye et al., 2005). Gal can be linked to Ser and Hyp residues, whereas Ara can only be linked to Hyp residues (Duruflé et al., 2017). HRGPs are glycosylated by two types of O-glycosylation on their Hyp residues in the Golgi apparatus: Hyp arabinosylation and Hyp arabinogalactosylation (Kieliszewski, 2001; Nguema-Ona et al., 2014). The Hyp contiguity hypothesis (Kieliszewski and Lamport, 1994) predicts that contiguous Hyp residues are arabinosylated, adding short 4-6 residue long oligoarabinoside chains, as occurs in EXTs, whereas non-contiguous Hyp residues are arabinogalactosylated, adding larger 30–150 residue acidic or neutral AGs polysaccharides, as occurs in AGPs (Shpak et al., 1999, 2001; Kieliszewski, 2001; Faye et al., 2005).

AG glycans have a complex and heterogenous structure that changes throughout development (Tryfona et al., 2014). AG polysaccharides may affect cell surface protein trafficking and stability, act as chaperoning polysaccharides or Ca2+ chelators and generate signaling molecules (Borner et al., 2003; Lamport and Várnai, 2013; Tryfona et al., 2014). In AGPs, type II AGs are O-glycosidically linked to Hyp residues (Ellis et al., 2010; Figure 2A). The structure of type II AGs is not fully resolved but it seems to consist of a β-(1→3)-linked D-galactopyranosyl (Galp) backbone substituted at O6 positions by side-chains of β-(1→6)-linked D-Galp, which are further decorated with α-(1→3)-l-arabinofuranosyl residues (Araf) and less frequently with other sugars, such as GlcA, Rha, Fuc, and Xyl (Clarke et al., 1979; Gaspar et al., 2001; Showalter, 2001; Tan et al., 2004, 2010; Tryfona et al., 2010, 2012; Figure 3). The β-1,6-galactan side chains often terminate with β-1,6-GlcA or 4-O-Me-GlcA, giving the molecules an overall negative charge (Ellis et al., 2010; Tryfona et al., 2012; Temple et al., 2019). Two other types of AG polysaccharides have been described in plants (Clarke et al., 1979; Hijazi et al., 2014). Type I AGs are formed by a linear chain of β-(1→4)-linked D-Galp with lateral chains of α-Araf and β-(1→4)-linked D-Galp (Clarke et al., 1979; Hijazi et al., 2014). Leonard et al. (2005) defined the Artemisia vulgaris Art v 1 polysaccharide, formed by a short linear β-(1→6)-linked D-Galp chain, which contains Gal and Ara residues and large branched Ara chains, as a new AG type, the type III AG. However, this structure is inconsistent with the finding that it binds to β-Yariv, as chains of β-(1→3)-linked D-Galp7 are required for β-Yariv binding (Kitazawa et al., 2013). Therefore, this structure may need to be revised.
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FIGURE 3. Model structure of type II arabinogalactan polysaccharides (AGs) and sites of action of known glycosyltransferases (GTs) and glycoside hydrolases (GHs) acting on AGPs. Type II AGs are O-glycosidically linked to hydroxyproline (Hyp) and consist of a β-(1→3)-linked backbone of galactose (Gal) with β-(1→6)-galactan side chains. Further modifications involve the addition of arabinose (Ara), fucose (Fuc), rhamnose (Rha), glucuronic acid (GlcA), 4-O-methylglucuronosyl (4-O-MeGlcA), and xylose (Xyl). Solid line arrows (left) represent sites of action of GTs and dotted line arrows (right) indicate sites of action of GHs. This structure is based on AGs analyzed from Arabidopsis leaves (Tryfona et al., 2012).


Three models have been proposed for the molecular structure of AGPs: the wattle-blossom, the twisted hairy rope, and the necklace (Fincher et al., 1983; Qi et al., 1991; Du et al., 1996; Lamport et al., 2014). The wattle blossom model predicts globular units of polysaccharide chains anchored to a protein core of a spheroidal molecule, and the twisted hairy rope model foresees an alignment of AG chains along the protein backbone, whereas the recent necklace model compares AGP structure to an ancient gold necklace from Afghanistan with pendant glycomodules. Detailed analysis of different AGPs will determine the number, length, and sequence of polysaccharide chains, allowing the improvement of the existing models.

AGPs may be connected to other cell wall components such as pectins and hemicelluloses (Tan et al., 2013). Keegstra et al. (1973) hypothesized that type II AGs could be linked to rhamnogalacturonan (RGI) by the Rha residues. This linkage has been demonstrated in the complex arabinoxylan pectin arabinogalactan protein 1 (APAP1). This complex also has a link between arabinoxylan and an arabinose residue in the type II AGs (Tan et al., 2013). A FLA, SALT-OVERLY SENSITIVE 5 (SOS5) was proposed to mediate seed coat mucilage adherence by interacting with pectins (Griffiths et al., 2014). These results support the hypothesis that AGPs may serve as cross-linkers in the cell wall and act as polysaccharide plasticizers (Lamport, 2001; Lamport et al., 2006). The binding of the Yariv reagent specifically to AGs supports the view that AGs bind specific glycans (Kitazawa et al., 2013).


Glycosyltransferases: Meet the Sugar Workers

Glycoproteins have a complex structure and, therefore, plants require the action of numerous GTs families to assist in their biosynthesis. AGP glycosylation is catalyzed by a large number of GTs (EC 2.4.x.y) in the secretory pathway. GTs are enzymes that catalyze glycosidic bond formation between a sugar moiety and a specific acceptor molecule (sugars, proteins, lipids, or small molecules), creating a diverse collection of oligosaccharides and glycoconjugates in nature (Hansen et al., 2012; Gloster, 2014). GTs have been classified into 111 families in the carbohydrate active enzymes (CAZy) database1 (Coutinho et al., 2003; Lombard et al., 2014). GTs are very specific and, thus, each different linkage may require a distinct GT. With AGP glycosylation, several GTs work together to regulate the density, length, and sequences of AG chains (Qu et al., 2008). Almost 500 putative GTs sequences have been identified in the Arabidopsis genome and classified into 42 different CAZy families (Coutinho et al., 2003). In order to understand the structure of AGPs, the discovery of GTs involved in the initiation and elongation of AG chains is a priority. GTs can be type I membrane proteins located in the ER, type II membrane proteins located in the Golgi or integral membrane proteins such as cellulose synthases (Hansen et al., 2009). GTs generally are localized in the Golgi and have a type II membrane protein topology with a short N-terminal fragment facing the cytosol, one helical transmembrane domain, and a hydrophilic C-terminal catalytic domain containing the active site attached to a flexible stem region facing the luminal side (Perrin et al., 2001; Hansen et al., 2009; Chou et al., 2012).

The biosynthesis of AGP glycans requires at least 10 functionally distinct enzymes, e.g., galactosyltransferases (GALTs), arabinosyltransferases, fucosyltransferases (FUTs), rhamnosyltransferases, xylosyltransferases, glucuronosyltransferases (GLCATs), and glucuronic acid methyltransferases. To date, 22 transferases responsible for AGP glycosylation have been identified in Arabidopsis (Tables 1 and 2): eight hydroxyproline-O-β-GALTs (Hyp-O-GALTs; AtGALT2, AtGALT3, AtGALT4, AtGALT5, and AtGALT6, Basu et al., 2013, 2015a,b; Showalter and Basu, 2016; AtHPTG1, AtHPTG2, and AtHPTG3, Ogawa-Ohnishi and Matsubayashi, 2015), two β-1,3-GALTs (At1g77810, Qu et al., 2008 and AtKSN4, Suzuki et al., 2017), two β-1,6-GALTs (AtGALT31A, Geshi et al., 2013 and AtGALT29A; Dilokpimol et al., 2014), five β-1,6-GLCATs (AtGLCAT14A, AtGLCAT14B, AtGLCAT14C, AtGLCAT14D, and AtGLCAT14E, Knoch et al., 2013; Dilokpimol et al., 2014; Lopez-Hernandez et al., 2020; Zhang et al., 2020), two α-1,2-FUTs (AtFUT4 and AtFUT6, Wu et al., 2010; Liang et al., 2013; Tryfona et al., 2014), a putative β-arabinosyltransferase (AtRAY1, Gille et al., 2013), and two glucuronic acid methyltransferases (AtAGM1 and AtAGM2, Temple et al., 2019; Figure 3). However, several enzymes remain to be identified, including α-arabinofuranosyltransferases, β-arabinopyranosyltransferases, α-rhamnosyltransferases, α-xylosyltransferases, an α-GALTs, and other β-GALTs, β-GLCATs, α-FUTs, and glucuronic acid methyltransferases.



TABLE 1. Information about the characterized transferases involved in the biosynthesis of AGP glycans in Arabidopsis thaliana.
[image: Table1]



TABLE 2. Information about the mutants of the characterized transferases involved in the biosynthesis of AGP glycans in Arabidopsis thaliana.
[image: Table2]



Galactosyltransferases: The First Ones to Arrive

AGP glycosylation is initiated by the action of Hyp-O-GALTs that add the first Gal onto the hydroxyl group of Hyp residues in the protein backbone (Ogawa-Ohnishi and Matsubayashi, 2015; Showalter and Basu, 2016). This process allows the subsequent addition of different sugars by other GTs. The eight GALTs specific for Hyp identified in Arabidopsis belong to the CAZy GT31 family. AtGALT2, AtGALT3, AtGALT4, AtGALT5, and AtGALT6 encode a GALT domain as well as a GALECTIN domain, whereas AtHPGT1, AtHPGT2, and AtHPGT3 lack a GALECTIN domain (Showalter and Basu, 2016). Their activity was demonstrated by heterologous expression in Pichia pastoris (AtGALT2, AtGALT5; Basu et al., 2013, 2015b), in Nicotiana tabacum leaf epidermal cells (AtGALT2, AtGALT3, AtGALT4, AtGALT5, and AtGALT6; Basu et al., 2015a) and BY-2 cells (AtHPGT1, AtHPGT2, and AtHPGT3; Ogawa-Ohnishi and Matsubayashi, 2015). galt2, galt3, galt4, galt5, galt6, galt2galt5, and hpgt1hpgt2hpgt3 mutants demonstrated lower GALT activities and reduced β-Yariv-precipitable AGPs compared to wild-type plants. AtGALT3-6 and AtHPGT1 transiently expressed in N. tabacum and Arabidopsis T87 protoplasts, respectively, localized to the Golgi, whereas AtGALT2 was found in both ER and Golgi when expressed in tobacco (Basu et al., 2013, 2015a,b; Ogawa-Ohnishi and Matsubayashi, 2015). These results may indicate that AGP glycosylation may start in the ER, but predominantly occurs in the Golgi (Basu et al., 2013, 2016). Nevertheless, further studies are required to explore this hypothesis.

Some physiological phenotypes were revealed under normal growth conditions in the GALT mutants: galt2, galt3, galt4, galt5, and galt2galt5 displayed reduced root hair length and density, galt4 and galt6 showed reduced seed production, galt3, galt6, and galt2galt5 presented reduced seed coat mucilage and galt6 revealed accelerated leaf senescence. Additionally, all GALT mutants (galt2, galt3, galt4, galt5, galt6, and galt2galt5) roots and pollen tubes exhibited less sensitivity to β-Yariv reagent, and root growth and root tip swelling were impaired under salt stress and in elevated levels of sucrose. galt2galt5 displayed a large number of rosette leaves, delayed flowering time, reduced silique length, and plant height (Basu et al., 2015a,b). The galt2galt5 double mutant phenocopies the root swelling, the reduced seed coat mucilage, and the reduced cellulose phenotypes of sos5 and fei1fei2, a double mutant of two cell wall-associated leucine-rich repeat receptor-like kinases, and sos5fei1fei2, indicating that the carbohydrate moiety of SOS5 is important for signaling in the cell (Basu et al., 2015b). The analysis of the quintuple mutant galt2galt5sos5fei1fei2 showed that these five genes act in a single and linear genetic pathway, and it was hypothesized that SOS5 glycosylation by GALT2 and GALT5 was required for its function in the SOS5/FEI1-FEI2 signaling pathway (Basu et al., 2016). In addition, HPGT mutants exhibited several pleiotropic phenotypes such as longer lateral roots, increased root hair length, and density, shorter inflorescence stems, shorter siliques (hpgt2hpgt3 and hpgt1hpgt2hpgt3), thicker primary roots, smaller rosette leaves, shorter petioles, and reduced fertility in the lower portion of the inflorescence (hpgt1hpgt2hpgt3; Ogawa-Ohnishi and Matsubayashi, 2015).

Four additional GALTs were identified. At1g77810 encodes a β-1,3-GALT that belongs to the GT31 family and likely functions in β-1,3-galactan backbone synthesis. This Golgi membrane-located enzyme was demonstrated to add Gal to a synthetic β-1,3-Gal disaccharide using heterologous expression in COS cells (Qu et al., 2008). AtKSN4 (KAONASHI4) is also a member of GT31 family. Heterologous expression of AtKSN4 in Nicotiana benthamiana showed β-1,3-GALT activity on AG glycans from AGPs and pectins. ksn4 mutants present an abnormality in the exine layer of developing microspores. Immunolabeling showed that ksn4 mutants have reduced AGP content in the primexine of developing microspores. Furthermore, ksn4 mutants exhibit pollen aggregation and reduced fertility (shorter fruit lengths and lower seed set compared to wild type; Suzuki et al., 2017). Another GT31 member, AtGALT31A, is involved in elongation of β-1,6-galactan side chains. Its activity was demonstrated by heterologous expression in Escherichia coli and N. benthamiana. AtGALT31A accumulates in the Golgi apparatus and unidentified organelles in N. benthamiana. A mutation in this gene showed an abnormal asymmetric cell division in the hypophysis causing the arrest of embryo development at the globular stage. This phenotype reveals the importance of AG glycans in embryo development (Geshi et al., 2013). AtGALT29A co-expresses with AtGALT31A and AtGLCAT14A. AtGALT29A resides in the GT29 family and this enzyme recombinantly expressed in N. benthamiana possesses β-1,6-GALT elongation and branch initiation activities. Dilokpimol et al. (2014) showed that AtGALT29A was localized in the Golgi in N. benthamiana, where it interacted with AtGALT31A, as indicated by Förster resonance energy transfer. AtGALT31A was also targeted in tobacco to uncharacterized small compartments, which are not part of the trans-Golgi network, cis-Golgi network, or endosomes and that colocalized with EXO70E2, a marker for exocyst-positive organelles that mediate an unconventional protein secretory pathway in plants (Poulsen et al., 2014). Moreover, the enzyme complex containing AtGALT31A and AtGALT29A exhibited enhanced β-1,6-GALT activity when compared to AtGALT29 alone.


Glucuronosyltransferases: Adding the Special Sugar

AtGLCAT14A, AtGLCAT14B, AtGLCAT14C AtGLCAT14D, and AtGLCAT14E are glucuronosyltransferases that belong to the GT14 family and add glucuronic acid to β-1,6‐ and β-1,3-galactose chains of AGPs. The activity of AtGLCAT14A, AtGLCAT14B, and AtGLCAT14C enzymes was confirmed by recombinant expression in P. pastoris and in vitro enzyme assays (Knoch et al., 2013; Dilokpimol and Geshi, 2014). AtGLCAT14A was transiently expressed in N. benthamiana and localized in the Golgi apparatus. AtGLCAT14A is co-localized with AtGALT31A in the Golgi and in uncharacterized small compartments, but the two enzymes do not interact (Knoch et al., 2013).

AtGLCAT14 mutants have defective synthesis of AGs. glcat14a, glcat14b, glcat14d, glcat14e, glcat14aglcat14b, glcat14bglcat14c, glcat14aglcat14bglcat14c, glcat14aglcat14bglcat14d, and glcat14aglcat14bglcat14e mutants have reduced the content of GlcA on AGPs when compared to wild type (Knoch et al., 2013; Lopez-Hernandez et al., 2020; Zhang et al., 2020). Although this suggests some redundancy between these enzymes, the mutants show some preferential changes in GlcA on specific branch lengths of AG and, therefore, may have roles glucuronidating different parts of the AG or different AGPs (Lopez-Hernandez et al., 2020). An increase of Gal and Ara was detected in AG extracts of glcat14c, glcat14aglcat14b, glcat14bglcat14c, and glcat14aglcat14bglcat14c (Zhang et al., 2020). However, in glcat14a, an increase of Gal and a reduction of Ara were detected. The increase of galactosylation may result from the increase of O6 acceptor sites, which are shared by AtGLCAT14A and GALTs and, thus, the addition of GlcA may terminate Gal chain extension (Knoch et al., 2013). Indeed, the amount of glycosylated AGPs was increased in the mutants glcat14c, glcat14aglcat14b, and glcat14aglcat14bglcat14c, which is a result of the loss of GlcA residues, allowing for the elongation of the branched β-(1,3)‐ and β-(1,6)-galactans. On the other hand, Lopez-Hernandez et al. (2020) did not find evidence for an increase in galactan side chain length in the glcat14 mutants.

AtGLCAT14 mutants present several phenotypes. glcat14a knockout mutants showed enhanced cell elongation during seedling growth (Knoch et al., 2013), glcat14b, glcat14c, glcat14aglcat14b, glcat14bglcat14c, and glcat14aglcat14bglcat14c presented reduced seed coat mucilage, glcat14aglcat14b and glcat14aglcat14bglcat14c exhibited delayed seed germination, reduced root hair length, glcat14aglcat14b, glcat14aglcat14bglcat14c, and glcat14aglcat14bglcat14d reduced trichome branching, glcat14aglcat14b and glcat14aglcat14bglcat14d presented shorter inflorescences, glcat14bglcat14c and glcat14aglcat14bglcat14c presented reduced silique length and seed set, and glcat14aglcat14b and glcat14aglcat14bglcat14c displayed a significant percentage of small and defective pollen that failed to germinate (Lopez-Hernandez et al., 2020; Zhang et al., 2020). glcat14aglcat14bglcat14e triple mutant plants had severely limited seedling growth and were sterile (Lopez-Hernandez et al., 2020).

In addition, glcat14b, glcat14c, glcat14aglcat14b, glcat14bglcat14c, glcat14aglcat14bglcat14c, and glcat14aglcat14bglcat14d showed a reduction in Ca2+ binding in AGP extracts compared to wild type (Lopez-Hernandez et al., 2020; Zhang et al., 2020), consistent with the model proposed by Lamport and Várnai (2013) in which AGPs can bind and store Ca2+ through GlcA in a reversible and pH-dependent way at the plasma membrane. It was demonstrated that in vitro AGPs could hold Ca2+ in a pH range of 4–5 and as the pH was lowered Ca2+ was released. AGPs fully released Ca2+ at pH 2.5 (Lamport and Várnai, 2013). This bound Ca2+ may be important for intracellular signaling. Indeed, many of the plant developmental phenotypes in glcat14 mutants can be suppressed by raising the Ca2+ concentration in the growth medium (Lopez-Hernandez et al., 2020). Intracellular Ca2+ signals were disrupted in the glcat14aglcat14bglcat14e mutant plants, which showed altered movement of the Ca2+ signal through the roots. Thus, GLCATs may play an important role in Ca2+ signaling as they determine the presence of GlcA on AGPs (Dilokpimol and Geshi, 2014).



Glucuronic Acid Methyltransferases: Changing GlcA

In type II AGs from Arabidopsis, most of the GlcA substituted is 4-O-methylglucuronosyl (4-O-Me-GlcA; Tryfona et al., 2012). Recently, two GlcA-specific methyltransferases have been identified in Arabidopsis (Temple et al., 2019). Arabinogalactan methyltransferases 1 (AGM1) and 2 (AGM2), two family members of DUF579 family, have GlcA-O-methylation activity on AGPs. AGM1 fused to GFP localized in the Golgi apparatus when transiently expressed in tobacco leaves. An agm1 mutant showed reduced methylation of GlcA on root AGPs and in the double mutant agm1agm2 there was no AG GlcA methylation of root AGPs. AGM1 and AGM2 are involved in methylation of GlcA of AG in root AGPs. An agm1agm2 double mutant did not exhibit a growth or fertility phenotype, showing that GlcA methylation is not essential for viability. The biological role of GlcA methylation modification on AGPs is still unclear (Temple et al., 2019). However, it has been shown that the methyl group on GlcA is essential for the effectiveness of a signaling molecule in pollen tube guidance (Mizukami et al., 2016). In addition, 4-O-methylation of GlcA may change the Ca2+ binding affinity to GlcA thus modulating the calcium release response to pH (Lamport and Várnai, 2013). Moreover, the addition of the methyl group to GlcA prevents the addition of 4-linked sugars, such as Rha, and the extension of 4-linked side chains to the GlcA of AG as seen in APAP1 (Tan et al., 2013; Temple et al., 2019).



Fucosyltransferases: Continuing the Hard Work

AtFUT4 and AtFUT6, two AGP-α-(1,2)-FUT of AGPs, belong to the plant GT37 CAZy family. Their enzymatic activities were demonstrated by heterologous expression in N. tabacum BY2 cells (Wu et al., 2010). Tobacco BY2 cells contain nonfucosylated AGPs but heterologous expression of these genes resulted in fucosylated AGPs (Wu et al., 2010). Knock-out mutants (fut4, fut6, and fut4fut6) grown under salt stress showed reduced root growth (Liang et al., 2013; Tryfona et al., 2014). This conditional phenotype reveals the importance of this sugar in root growth and salt sensitivity. Fuc was absent in fut4 leaf AGPs, whereas the fut4fut6 double mutant lacks fucose in both leaf and root AGPs (Liang et al., 2013; Tryfona et al., 2014). As AtFUT4 is expressed in roots and leaves while AtFUT6 is expressed mostly in roots, it is likely that AtFUT4 and AtFUT6 are both responsible for AGP fucosylation in roots while AtFUT4 is also responsible for fucosylation in leaves (Wu et al., 2010; Liang et al., 2013; Tryfona et al., 2014). The fut4 and fut6 single mutants had reduced Fuc content in root AGPs. The fut6 mutant was not stained by eel lectin that binds specifically to terminal α-L-Fuc, indicating that AtFUT6 likely adds terminal Fuc residues to AG polysaccharides (Liang et al., 2013). AtFUT6-GFP was transiently expressed in tobacco leaves and localized to the Golgi apparatus (Wu et al., 2010).



Arabinosyltransferases: The Ghost Workers

Finally, ray1 mutants showed a reduced level of Ara in their AGPs in etiolated seedlings, roots, and rosette leaves of Arabidopsis, leading to its name REDUCED ARABINOSE YARIV 1. Knockout mutants also exhibit reduced root growth, reduced rosette diameter, and delayed development of the inflorescence. AtRAY1 belongs to the GT77 family, and its heterologous expression in N. benthamiana demonstrated β-arabinofuranosyltransferase activity (Gille et al., 2013). However, only α-1,3-linked Ara, and not β-1,3-linked Ara, has been reported in AGPs so it remains unclear whether and how RAY1 functions in the biosynthesis of AGPs glycans (Showalter and Basu, 2016). There are no published candidates for the α-arabinofuranosyltransferases that transfer the main arabinose decoration on AGs.



Glycoside Hydrolases: Cutting All the Sugar

GHs (EC 3.2.1.x) hydrolyze the glycosidic bond between two sugars and are likely important for the metabolism of AGPs (Henrissat and Davies, 1997; Knoch et al., 2014). GHs are classified into 167 families in the CAZy database (Coutinho et al., 2003; Lombard et al., 2014). Hydrolysis of AGP glycans requires several GHs, such as β-galactosidases, β-galactanases, α-arabinofuranosidases, β-arabinopyranosidases, β-glucuronidases, α-fucosidases, α-rhamnosidases, and β-xylosidases. These enzymes can be a useful tool to analyze AG sugars decorating AGPs (Knoch et al., 2014).

So far, five GHs of AGPs have been reported in plants (Figure 3). RsBGAL1, a β-galactosidase from Raphanus sativus, resides in the GH35 family and the protein when heterologously expressed in P. pastoris hydrolyzed β-(1,3)‐ and β-(1,6)-galactosyl residues (Kotake et al., 2005). RsAraf1 from R. sativus immature seeds encodes an α-arabinofuranosidase in the GH3 family. When expressed in Arabidopsis, RsAraf1 hydrolyzed α-arabinofuranosyl residues of AGPs (Kotake et al., 2006). AtGUS2 is a β-glucuronidase that belongs to the GH79 family. Knockout mutants showed increased levels of GlcA while plants over-expressing AtGUS2 showed the opposite phenotype, no GlcA in seedlings AGP fractions and increased cell elongation in seedlings, a similar phenotype of atglcat14a (Eudes et al., 2008). SlTBG1, a tomato (Solanum lycopersicum) β-galactosidase belonging to the GH35 family, has activity against β-(1,3)-linkages and β-(1,6)-linkages in a galactooligosaccharide, which may be involved in the hydrolysis of AGs from AGPs (Eda et al., 2014). AtAPSE (β-l-ARAPASE) is a β-l-arabinopyranosidase in the GH27 family. In an apse mutant, the amount of β-l-Arap residues of AGPs was higher compared to wild type, confirming its activity (Imaizumi et al., 2017).





AGPs in the Extracellular Space: Facing the Challenge

O-glycosylated GPI-anchored AGPs are transferred to the extracellular space, or more precisely to the cell surface apoplast, through the endomembrane system via post-Golgi vesicles, where they remain temporarily attached to the outer face of the plasma membrane (Schultz et al., 1998; Showalter, 2001). In response to intercellular or intracellular signals, GPI-anchored AGPs can be released from the plasma membrane by phosphatidylinositol-specific phospholipases that removes inositol from the diacylglycerol moiety (Schultz et al., 1998; Oxley and Bacic, 1999; Gillmor et al., 2005; Desnoyer and Palanivelu, 2020; Figure 2B). Up to the present, only one inositol phospholipid-specific phospholipase C (PI-PLC) has been identified, partially purified and characterized in plants (Butikofer and Brodbeck, 1993). Several GPI-anchored proteins such as FLAs, COBRA-like, and receptor-like proteins are released by phospholipases in Arabidopsis (Borner et al., 2003). This process may serve to regulate the amount of these glycoproteins in the plasma membrane and control the release of soluble AGPs into the extracellular matrix, where they may act as soluble signals for neighboring cells (Schultz et al., 1998). Nevertheless, some AGP members are not GPI-anchored. The sugars may be cleaved by GHs and released into the extracellular medium, where they may function as signaling molecules binding to specific receptors and triggering signaling pathways (Showalter, 2001; Figure 2B). Furthermore, AGPs may also be processed by proteolytic activities (Fincher et al., 1983; Faye et al., 2005) or transported by endocytotic multivesicular bodies to the vacuole, where they are degraded (Herman and Lamb, 1992; Šamaj et al., 2000).




AGP RESEARCH OVERVIEW AND FUTURE DIRECTIONS

In this review, information on AGP biosynthesis accumulated in the last three decades was presented. Much has been accomplished, but there is even more to be done. With the sequencing of several plant genomes, bioinformatics opened doors to identify several candidate genes involved in AGP biosynthesis. However, a huge amount of data is generated and much of it is waiting for further analysis. A major challenge will be to conduct the more laborious biochemical analyses to test and support the findings from bioinformatic and genomic analyses, which moves at such a rapid pace.

This review has largely focused on AGP glycosylation given the cumulative supporting information of the importance of the 90% sugar moiety of AGPs. There is no doubt that AGPs play a range of important functions in plants. The new challenge is to define how AGPs, after all the processes involved with their biosynthesis, act in the cells. Specifically, it will be important to elucidate the mechanism of action by which AGPs, and specifically their sugar epitopes, function. This will mean discovering the molecules, which interact with these sugar residues.

Several other important and stimulating questions remain to be answered: do the enzymes involved in AGP synthesis act on a specific single AGP, a subset of AGPs or all AGPs? How many GTs are involved in AGP glycosylation and what is the substrate specificity for each GT? Are the GTs involved in AGP biosynthesis associated with one another in enzyme complexes? The structure of AG is very variable, but is the pattern of glycosylation of AGPs cell/tissue-specific, stage-specific, or AGP-specific? What is the precise glycan structure of each AGP? Are the different patterns of glycosylation determined by the diverse amino acid sequences of AGPs? What implications do the different sugar compositions have in AGP function? Do AGPs follow a conventional or unconventional protein secretory pathway? Which AGPs localize in the plasma membrane? How does AGP turnover occur? These major challenges will be a stimulus for new future research developments on AGPs through the next 30 years.
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The term microalga refers to various unicellular and photosynthetic organisms representing a polyphyletic group. It gathers numerous species, which can be found in cyanobacteria (i.e., Arthrospira) as well as in distinct eukaryotic groups, such as Chlorophytes (i.e., Chlamydomonas or Chlorella) and Heterokonts (i.e., diatoms). This phylogenetic diversity results in an extraordinary variety of metabolic pathways, offering large possibilities for the production of natural compounds like pigments or lipids that can explain the ever-growing interest of industrials for these organisms since the middle of the last century. More recently, several species have received particular attention as biofactories for the production of recombinant proteins. Indeed, microalgae are easy to grow, safe and cheap making them attractive alternatives as heterologous expression systems. In this last scope of applications, the glycosylation capacity of these organisms must be considered as this post-translational modification of proteins impacts their structural and biological features. Although these mechanisms are well known in various Eukaryotes like mammals, plants or insects, only a few studies have been undertaken for the investigation of the protein glycosylation in microalgae. Recently, significant progresses have been made especially regarding protein N-glycosylation, while O-glycosylation remain poorly known. This review aims at summarizing the recent data in order to assess the state-of-the art knowledge in glycosylation processing in microalgae.
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INTRODUCTION

All microalgae share two common features: they are unicellular and photosynthetic organisms. According to the literature, more than thirty thousand organisms fall into this definition (Guiry, 2012; Rumin et al., 2020). Beside these common features, microalgae species exhibit a broad diversity of morphology, size (ranging from a few to one hundred micrometers), physiology and metabolism. This diversity results from various adaptation strategies allowing them to colonize very different habitats going from freshwaters and oceans to terrestrial environments (Brodie et al., 2017). Microalgae represent a polyphyletic group meaning that they spread in distinct phyla ranging from Cyanobacteria to Eukaryotes (Burki et al., 2020). As far as eukaryotic species are concerned, most of them are distributed in two supergroups: the Archaeplastida and the Chromalveolata lineages arising from series of endosymbiotic events leading to various photosynthetic organisms (Gould et al., 2008). The first endosymbiosis is thought to have arisen between 1 and 1.5 billion years ago. During this event, a cyanobacterium was engulfed by an eukaryotic host cell that gave birth to three photosynthetic lineages: the Chlorophytes, the Rhodophytes and the Glaucophytes, in which cells are characterized by the presence of primary plastids corresponding to the ancestral cyanobacterium. These three photosynthetic lineages form together the Archaeplastida supergroup, also named the “green lineage” (Rodríguez-Ezpeleta et al., 2005). Then, during secondary endosymbiotic events, some of these eukaryotic cells containing a primary plastid were engulfed by another eukaryotic cell, leading to new photosynthetic cells in which photosynthesis occurs in secondary plastids. Organisms that derived from a secondary endosymbiosis involving a rhodophyte as a host cell belongs to the Chromalveolata lineage (Cavalier-Smith, 1999; Keeling, 2009). In addition, a few photosynthetic unicellular organisms are belonging to other Eukaryotic supergroups. For example, the Euglenid group, belonging to the Excavate supergroup, encompasses several freshwater and marine or brackish phototrophic species that are spread out in Euglenales and Eutreptiales, respectively (Vesteg et al., 2019). These phototrophic species are thought to have emerged recently (about 600 million years ago) as the result of a secondary endosymbiosis between an Euglenid host cell and a prasinophyte green alga (Jackson et al., 2018).

Taking advantage of this huge diversity, industrials used microalgae since the 1950’s in various applications ranging from food industry (e.g., pigments extraction; Novoveská et al., 2019) to biofuel production or wastewaters treatments (Oey et al., 2016; Gilmour, 2019; Li et al., 2019). However, the diversity of microalgae metabolisms and the remaining number of unknown species, still represent an untapped potential. This is illustrated through the exponential increase of publications regarding microalgae during the last 10 years: more than 5,700 papers dealing with microalgae have been published in 2018 worldwide representing twice the number of publications in 2010 (Rumin et al., 2020). Furthermore, the advances in genome sequencing technologies allow now access to numerous microalgae genomes (Fu et al., 2019), that facilitate the development of molecular tools for studying metabolic processes in these organisms. Currently, DNA recombinant technology and transgenesis have been successfully implemented in some microalgae. In this context, microalgae have been investigated as emerging industrial platforms for the production of high value-added biopharmaceuticals (Barolo et al., 2020; Dehghani et al., 2020; Rosales-Mendoza et al., 2020). Indeed, microalgae are easy and fast to grow, safe and cheap making them attractive expression systems for the production of therapeutic proteins (Hempel and Maier, 2016; Rosales-Mendoza et al., 2020). Nowadays, the most biological expression systems used for the production of recombinant proteins are bacteria, yeast and mammalian cells (Walsh, 2014). One of the critical issues for the choice of an heterologous system is its capacity of protein glycosylation that is required for the biopharmaceutical biological activity. Apart from efforts to engineer and humanize the N-glycosylation pathway in plants, mammalian cells are currently the only system able to synthesize proteins bearing glycan structures close to the human ones, even if differences might subsist. For example, the sialic acids present in the terminal position of CHO N-glycan structures are linked in α(2, 3) whereas they are linked in α(2, 6) in human N-glycans (Bragonzi et al., 2000). Despite this difference, most of the glycosylated biopharmaceuticals are to date produced in Chinese Hamster Ovary (CHO) cells (O’Flaherty et al., 2017).

The term glycosylation refers to the processes leading to the synthesis of oligosaccharides that are then attached to another molecule like a protein. Glycosylation pathways comprise numerous distinct steps, starting with the cytosolic synthesis of nucleotide-sugars that are used in the Golgi apparatus as donor substrates by specific glycosyltransferases involved in the synthesis of the oligosaccharide moiety. In Eukaryotes, glycoproteins can be distinguished according to the site of glycan attachment on the protein. The attachment of oligosaccharide occurs either on the amide group of an asparagine (Asn) residue (N-glycosylation) or on the hydroxyl group of a serine (Ser), a threonine (Thr), or an hydroxyproline residue (O-glycosylation). Glycans attached to proteins regulate fundamental biological functions such as cell adhesion, molecular trafficking, control of growth, morphogenesis, adaptation to biotic and abiotic stresses and receptor activation (Schjoldager and Clausen, 2012; Varki, 2017). Moreover, glycosylation of proteins is crucial for their half-life, stability, immunogenicity, secretion and biological activity (Lingg et al., 2012; Van Beers and Bardor, 2012; Zhang et al., 2013).

Although these mechanisms are well described in various Eukaryotes like vertebrates (Moremen et al., 2012; Stanley et al., 2017), plants (Nguema-Ona et al., 2014; Strasser, 2016; Schoberer and Strasser, 2018) or insects (Walski et al., 2017), only few studies have been undertaken to investigate the protein glycosylation pathways in microalgae. Recently, significant progresses have been made regarding especially the N-glycosylation in microalgae, while O-glycosylation remain poorly known. This review reports on recent findings and summarizes the current knowledge in the N- and O-glycosylation pathways in microalgae.



N-GLYCOSYLATION


General Features of Eukaryotic N-Glycosylation

In Eukaryotes, protein N-glycosylation process can be divided in three major steps: the synthesis of the oligosaccharide moiety on a lipid carrier, called the lipid-linked oligosaccharide (LLO), the transfer of this oligosaccharide precursor on the target protein and the maturation of the protein N-linked glycans. The two first steps occur in the Endoplasmic Reticulum (ER) while the maturation and further elongation of the protein N-glycans take place in the Golgi apparatus.

The assembly of the oligosaccharide moiety requires several enzymes called Asparagine-linked glycosylation (ALG) that act according to well-established sequential steps. It starts on the cytosolic side of the ER with the addition of two N-acetylglucosamine (GlcNAc) residues on a dolichol pyrophosphate (PP-Dol) lipid carrier that is embedded in the ER membrane. A first GlcNAc residue is transferred from UDP-GlcNAc to the PP-Dol by the GlcNAc-1-phosphotransferase ALG7 (also called DPAGT1 in mammals) (Bretthauer, 2009) and then the ALG13/ALG14 complex adds the second GlcNAc residue to form GlcNAc2-PP-Dol (Bickel et al., 2005; Gao et al., 2005) in which the two GlcNAc linked in β(1,4) correspond to the chitobiose core unit (Figure 1). Thereafter, the oligosaccharide is extended sequentially under the activity of several enzymes which add overall five mannose (Man) residues on the chitobiose to form Man5GlcNAc2-PP-Dol. This intermediate structure is translocated across the ER membrane by a flip-flop mechanism involving flippases like RFT1 (Frank et al., 2008). Then, the synthesis continues within the ER luminal compartment with the addition of four other Man residues leading to an oligosaccharide lipid precursor Man9GlcNAc2-PP-Dol thanks to the respective action of ALG3, ALG9, and ALG12. Finally, the glucosyltransferases ALG6, ALG8, and ALG10 transfer three glucose (Glc) residues to build the final structure Glc3Man9GlcNAc2-PP-Dol (Burda and Aebi, 1998; Farid et al., 2011; Bloch et al., 2020; Figure 1A). Afterward, the oligosaccharide moiety is transferred “en bloc” from the precursor onto a specific asparagine residue belonging to the N-glycosylation consensus site Asn-X-Ser/Thr/Cys (where X cannot be a proline) of a newly synthesized protein (Matsui et al., 2011; Schwarz and Aebi, 2011). The transfer occurs either co- or post-translationally.
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FIGURE 1. Schemes depicting the structure of the dolichol pyrophosphate oligosaccharide precursor (A), the canonical Man5GlcNAc2 structure (B) and the non-canonical Man5GlcNAc2 structure (C). Structures are drawn according to the Symbol Nomenclature For Glycans (SNFG) (Neelamegham et al., 2019). Blue squares: N-acetylglucosamine residues; green circles: mannose and blue circles: glucose residues.


Once the oligosaccharide has been transferred on the target protein, the two terminal Glc residues are trimmed by the α-glucosidases I and II. The resulting Glc1Man9GlcNAc2 structure is then involved in the quality control by interacting with calnexin or calreticulin chaperone that contribute to glycoprotein folding (for recent reviews please refer to Strasser, 2018; Adams et al., 2019). Thus, the involvement of this N-glycan precursor in the protein quality control cycle justifies that ER processing steps of protein N-linked glycans are highly conserved in most of the Eukaryotes. However, exceptions have been described, especially in parasitic species that lack some ER luminal ALG (Samuelson et al., 2005). For example, in Toxoplasma gondii, Cryptosporidium parvum, and Tetrahymena pyriformis, the luminal ALG responsible for the addition of the four last Man residues are absent. Thus, the synthesis of the oligosaccharide precursor stops prematurely leading to a structure harboring only five mannose residues (Yagodnik et al., 1987; Garénaux et al., 2008; Haserick et al., 2017). Moreover, in Cryptococcus neoformans, Trypanosoma brucei, and Trypanosoma cruzi, ALG6, ALG8 and ALG10 are missing, resulting in a non-glucosylated precursor Man9GlcNAc2-PP-Dol (De La Canal and Parodi, 1987; Parodi, 1993).

Subsequently, correctly folded glycoproteins leave the ER and transit through the Golgi apparatus where α(1,2)-Man residues are first removed (Benyair et al., 2015). This process involves several isoforms of α-mannosidases I and leads to glycoproteins bearing Man5GlcNAc2 structures (Figure 1B). Whereas these early Golgi steps are common in most Eukaryotes, following maturation steps greatly differ according to the Golgi enzyme repertoire, giving rise to various distinct structures between species (Wang et al., 2017). The synthesis of the complex N-glycan structures depends especially on the activity of the β(1,2)-N-acetylglucosaminyltransferase I (GnT I), a key enzyme that transfers a GlcNAc residue on the α(1,3)-Man attached to the chitobiose core. In organisms where N-glycosylation is GnT I-dependent (i.e., plants, insects or mammals), the attachment of the GlcNAc residue is followed by the removing of two outer terminal Man residues by the α-mannosidase II (Rose, 2012). Then, a β(1,2)-N-acetylglucosaminyltransferase II (GnT II) adds another GlcNAc residue on the α(1,6)-Man attached to the N-glycan chitobiose core. The resulting GlcNAc2Man3GlcNAc2 structures can be further “decorated” by diverse glycosyltransferases such as fucosyltransferases, xylosyltransferases, galactosyltransferases, or sialyltransferases. In mammals, supplemental N-acetylglucosaminyltransferases add a third, a fourth and sometimes a fifth GlcNAc leading to the formation of tri- and tetra-antennary N-glycan structures (Wang et al., 2017).



N-Glycosylation Pathways in Microalgae

In microalgae, current knowledge regarding the N-glycosylation processes is available essentially in species belonging to the Chlorophytes (Table 1). Among these, the Chlorophyceae Chlamydomonas reinhardtii and the Trebouxiophycea Chlorella vulgaris have been the most investigated microalgae so far (Mathieu-Rivet et al., 2013; Vanier et al., 2017; Lucas et al., 2018, 2020; Schulze et al., 2018; Mócsai et al., 2019, 2020a, b; Oltmanns et al., 2020). Concerning microalgae with secondary plastids, the structural data available regarding N-glycans have been obtained from the diatom Phaeodactylum tricornutum (Baïet et al., 2011; Vanier et al., 2015; Lucas et al., 2018) and from the Euglenoid Euglena gracilis (De La Canal and Parodi, 1985; O’Neill et al., 2017).


TABLE 1. Table summarizing published results regarding the N- and O-glycosylation processes in microalgae species.
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Synthesis of the Precursor in the ER

In C. reinhardtii, the synthesis of the LLO in the ER stops prematurely as this organism lacks the luminal mannosyltransferases ALG9 and ALG12, as well as the glucosyltransferase ALG10 (Mathieu-Rivet et al., 2013; Vanier et al., 2017). In addition, a LLO-released oligosaccharide Glc3Man5GlcNAc2 moiety has been identified by multistage tandem mass spectrometry (Lucas et al., 2018). This oligosaccharide is transferred on proteins via the oligosaccharyltranferase (OST) complex for which seven homolog subunits have been predicted based on the genome analysis (Mathieu-Rivet et al., 2013). Then, glycosylated proteins are submitted to the control quality cycle that involves α-glucosidases I and II as well as the calnexin and calreticulin chaperones. As a consequence, glycoproteins that exit the ER harbor a non-canonical Man5GlcNAc2 N-glycan exhibiting a linear trimannosyl sequence linked to the β-Man residue (Figure 1C) instead of the canonical Man5GlcNAc2 (Figure 1B). A first study carried out previously in the colonial microalgae Volvox carteri, which is phylogenetically closely related to C. reinhardtii, also highlighted the absence of ER luminal mannosylation steps (Müller et al., 1984). Thus, regarding these features, ER steps in both C. reinhardtii and V. carteri appear to be similar to those described in T. gondii (Garénaux et al., 2008), C. parvum (Haserick et al., 2017) and T. pyriformis (Yagodnik et al., 1987; Table 1).

In contrast, data reported in other microalgae species suggest that the oligosaccharide precursor is synthesized according to a more conventional process. Thus, ER pathways in C. vulgaris and Botryococcus braunii appears to be similar to those described in plants since these microalgae synthesizes oligomannosides ranging from Man5GlcNAc2 to Man9GlcNAc2 (Schulze et al., 2017; Mócsai et al., 2019). In addition, the structural analysis of a cell wall glycoprotein from the red microalgae Porphyridium sp. has revealed the presence of N-glycans containing eight to nine Man residues (Levy-Ontman et al., 2011). These results are consistent with the bioinformatic prediction of genes encoding for ER enzymes (Levy-Ontman et al., 2014). In E. gracilis, labeling assays of protein-linked oligosaccharides have demonstrated that Glc3Man9GlcNAc2-PP-Dol is synthesized before transfer of the carbohydrate moiety on proteins (De La Canal and Parodi, 1985). More recently, O’Neill et al. (2017) have shown using mass spectrometry that major N-glycans in this specie correspond to oligomannoside structures. Proteins from P. tricornutum also carry oligomannoside N-glycans having five to nine Man residues (Baïet et al., 2011). In agreement with this N-glycan profile, P. tricornutum LLO oligosaccharide has been identified as being Glc2Man9GlcNAc2 that is missing the terminal α(1,2)Glc residue (Lucas et al., 2018).



GnT I: To Have or Not to Have

In most Eukaryotes, the Golgi maturation steps depends on the transfer by GnT I of a GlcNAc residue on the arm (a) of the canonical Man5GlcNAc2 (Figure 1B), thus opening the door to the formation of complex-type N-glycans. This key step does not seem to be a general rule on the microalgae that have been studied so far. In P. tricornutum, although no structure harboring terminal GlcNAc residues has been detected in PNGase-released N-glycans, a genomic sequence encoding for a GnT I has been shown to efficiently restore the CHO Lec1 cell line that is deficient for this enzyme activity. This result demonstrated that the paucimannosidic fucosylated structures Man3FucGlcNAc2 identified in the protein N-glycan profiles of P. tricornutum likely results from a GnT I-dependent process (Baïet et al., 2011). In contrast, glycoproteins from C. reinhardtii are processed through a GnT I-independent pathway (Mathieu-Rivet et al., 2013; Vanier et al., 2017). No gene candidate has been identified in the genome by search for sequence homology using functional GnT I from others species as queries. Furthermore, the heterologous expression of GnT I from Arabidopsis thaliana or P. tricornutum did not impact the N-glycan profile of C. reinhardtii proteins. This is consistent with the fact that this green microalga synthesized a non-canonical Man5GlcNAc2 (Figure 1C) that is not an acceptor substrate for GnT I (Vanier et al., 2017). Thus, glycoproteins harboring the non-canonical Man5GlcNAc2 are submitted in the Golgi apparatus to the action of glycosyltransferases responsible for the addition of decorations. Mass spectrometry analyses carried out on C. reinhardtii secreted and membrane-bound proteins have shown that mature N-glycans are partially O-methylated Man3GlcNAc2 to Man5GlcNAc2 substituted by one or two Xyl residues (Mathieu-Rivet et al., 2013), and for a minor part by one fucose residue (Oltmanns et al., 2020). Recently, Schulze et al. (2018) and Lucas et al. (2020) have showed that the first Xyl is linked in β(1,2) to the β-Man via the action of the xylosyltransferase A (XylTA) similarly to the plant xylosylation process. In contrast, the xylosyltransferase B (XylTB) is responsible for the transfer of a second residue on the linear trimannosyl branch of the Man5GlcNAc2 structure. However, although it is clearly established that these two XylT play a major role in the N-glycan xylosylation processing, the remaining presence of structures containing Xyl residues in a double knockdown mutant XylTA × XylTB has suggested that other uncharacterized enzymes could also contribute to the N-glycan xylosylation in C. reinhardtii. The fucosylation mechanism remains uncleared as the analysis of an insertional mutant in which the candidate gene encoding for a putative FucT was disrupted, did not affect N-glycans harboring Fuc residues (Oltmanns et al., 2020). In addition, a bioinformatic analysis of other microalgae genomes showed that other Chlorophyta species like Ostreococcus lucimarinus, Ostreococcus tauri, or V. carteri would lack GnT I enzymatic activity (Mathieu-Rivet et al., 2014), which suggest that the GnT I-independent process described in C. reinhardtii would not be an exception. However, recent structural data obtained in other species indicate that the absence of GnT I is not a common feature in Chlorophyta (Table 1). Indeed, in B. braunii, traces amount of Man5GlcNAc2 bearing a terminal GlcNAc at the non-reducing end has been detected, in addition to the presence of a genomic sequence sharing a strong homology with A. thaliana GnT I (Schulze et al., 2017). In C. vulgaris, an in vitro GlcNAc-transferase assay on N-glycans showed that Man5GlcNAc2 was converted into GlcNAcMan5GlcNAc2 (Mócsai et al., 2019). Moreover, it was shown that the GlcNAcMan5GlcNAc2 synthesized by C. vulgaris was substrate for core 6-fucosyltransferase, which depends on the presence of terminal GlcNAc (Mócsai et al., 2020b). Altogether, this favors the existence of a GnT I-dependent processing of the N-glycans in the Golgi apparatus of these species. In addition, the study of two strain collections from C. vulgaris and Chlorella sorokiniana also revealed heterogeneous N-glycan structures with both arabinose and galactose occurring as furanose as well as pyranose forms (Mócsai et al., 2020a, b), that constitute an unprecedented discovery among the Eukaryotes.





O-GLYCOSYLATION


General Features of Eukaryotic O-Glycosylation

As for N-glycosylation, several families of enzymes orchestrate O-glycosylation pathways. Unlike N-glycosylation in which the first ER steps are conserved in most Eukaryotes, the O-glycosylation of proteins encompasses various distinct processes. Some of them start in the ER and continue in the Golgi apparatus, while others occur exclusively in the Golgi apparatus.

O-glycosylation involves an oxygen-carbon bond between the hydroxyl group of a Ser or a Thr residue of the protein and the oligosaccharide chain in mammals (Bennett et al., 2012) while in plants, O-glycosylation occurs essentially in hydroxyproline residue (Hyp; Nguema-Ona et al., 2014; Seifert, 2020). In most eukaryotes including humans, O-glycans do not present a common structure or a consensus sequence. For example, O-glycans in yeasts are composed of multiple Man residues attached to a Ser or a Thr (Schoberer and Strasser, 2018; Barolo et al., 2020). In mammals, most of O-glycans were found on mucins. Mucins represent large glycoproteins with three domains: (i) a cytoplasmic tail; (ii) a single transmembrane spanning region and (iii) an extracellular domain. The extracellular domain contains a repeating peptide motif with numerous proline (Pro), Ser and Thr residues. The first monosaccharide attached to the mucin is usually β-GalNAc but can also be β-GlcNAc, α-GalNAc, α-Man or other monosaccharides (Bennett et al., 2012; Schoberer and Strasser, 2018). More than 20 different UDP-GalNAc polypeptide N-acetylgalactosaminyltransferases can be involved in the GalNAc attachment. This GalNAc is further modified by the stepwise attachment of different monosaccharides such as galactose (Gal), GlcNAc, sialic acid and fucose giving rise to diverse mucin-type core O-glycans that play crucial roles in many biological processes (Schjoldager and Clausen, 2012; Mewono et al., 2015).

In plants, the main O-glycosylated proteins belong to a large group of glycoproteins known as Hydroxyproline-rich-glycoproteins (HRGPs). HRGPs are involved in many aspects of plant growth and development. They consist in a superfamily of plant cell wall proteins that are divided into three major multigene families: the highly glycosylated arabinogalactan proteins (AGPs), the moderately glycosylated extensins (EXTs) and the low glycosylated proline-rich proteins. The O-glycosylation of HRGPs results from two consecutive post-translational modifications involving the hydroxylation of Pro (Hyp) residues by prolyl 4-hydroxylases in the ER and the subsequent O-glycosylation in the Golgi apparatus of some, but not all, Hyp residues by glycosyltransferases before being transported to their final location within or outside the cell (Nguema-Ona et al., 2014; Seifert, 2020). Overall, O-glycan cores in plants present a Gal residue attached to a Ser or an unique arabinose (Ara) residue attached to an Hyp. The monosaccharide being incorporated and the level of glycosylation depends on the glycoproteins families (AGPs, EXTs or proline-rich proteins). The O-glycans of AGPs are composed of short oligoarabinoside chains containing up to four residues and of a larger β(1,3)-linked galactan backbone with β(1,6)-linked side chains containing galactose, arabinose and, sometime fucose, rhamnose, or glucuronic acid. The structure of arabinogalactan chains varies between plant species (Nguema-Ona et al., 2014). EXTs contain several Ser-(Hyp)4 repeats usually O-glycosylated with oligosaccharide chains of up to five arabinose units on each Hyp (Velasquez et al., 2011, 2015; Ogawa-Ohnishi et al., 2013) and a unique galactose on the Ser residue (Saito et al., 2014). O-glycosylated Ser-(Hyp)4 repeat sequences have also been identified in several other EXT-like chimeras and hybrid EXT glycoproteins, such as arabinogalactan protein-EXTs, Pro-rich protein-EXTs, Leu-rich repeat-EXTs, Pro-rich kinases and formins with an extracellular EXT domain (Velasquez et al., 2015). Moreover, Hyp-O-arabinosylation also occurs in single Hyp units in small secreted glycopeptide hormones with up to three arabinose units (Ohyama et al., 2009; Shinohara and Matsubayashi, 2010).

Concerning the enzyme machinery involved in the HRGP synthesis, three groups of arabinosyltransferases (AraTs) have been identified: hydroxyproline O-arabinosyltransferase 1 (HPAT1 to HPAT3), reduced residual arabinose (RRA1 to RRA3) and xyloglucanase 113 (XEG113). These transferases have been demonstrated to be responsible for the sequential addition of the innermost three arabinose residues (Egelund et al., 2007; Ogawa-Ohnishi et al., 2013).



O-Glycosylation in Microalgae

Very few articles related to the O-glycosylation pathways in microalgae are available to date. So far, C. reinhardtii is the main microalga that has been investigated regarding protein O-glycosylation.


Extensin-Like O-Glycoproteins

Bollig et al. (2007) have investigated the structure of linear glycans O-linked to Hyp residues of C. reinhardtii proteins, showing some similarities with plant O-glycans. Indeed, they identified a O-glycan core Hyp-O-Ara-Ara, which is consistent with previous results reported by Miller and coworkers (Miller et al., 1972). This suggests a certain level of conservation of the extensin structures within the green lineage.

O-glycosylated Hyp residues have been identified in chaotrope-soluble glycoproteins, which constitute the vegetative outer cell wall in C. reinhardtii (Bollig et al., 2007). Mass spectrometry and NMR analyses have indicated the presence of mainly Ara and Gal, followed by Glc, Xyl and Man residues (Bollig et al., 2007). Bollig et al. (2007) have demonstrated that glycans O-linked to Hyp residue are composed of a β(1-2)-linked L-Ara disaccharide substituted with galactofuranose (Galf) residues and O-methylation, two modifications not reported in plants (Bollig et al., 2007; Mathieu-Rivet et al., 2017; Barolo et al., 2020; Figure 2). Little information is available concerning the enzymes involved in this process in C. reinhardtii. However, a prolyl-4-hydroxylase has been characterized (Keskiaho et al., 2007). This enzyme efficiently hydroxylates the Pro residues of synthetic peptides and its down-regulation affect the assembly of a proper cell wall, which is consistent with the role of hydroxyproline residues in the attachment of the oligosaccharide moiety (Keskiaho et al., 2007).
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FIGURE 2. Scheme of O-glycan motif harbored by proteins in C. reinhardtii. According to Bollig et al. (2007), O-glycans attached to C. reinhardtii proteins are composed of a Hyp-O-Ara-Ara core substituted with methylated galactofuranose residues. Hyp: hydroxyproline; orange pentagon: arabinofuranose; yellow circle: galactofuranose, Me: methyl group.


In addition, few papers have reported data regarding the composition of cell wall glycoproteins of others microalgae. Hyp-linked arabinosides have been reported in the green alga C. vulgaris (Lamport and Miller, 1971). Balshüsemann and Jaenicke (1990) have described O-linked oligosaccharides in the glycoprotein pheromones of V. carteri. These short oligosaccharide chains (up to three residues) are composed of Ara, Gal and Xyl bound to Thr residues (Balshüsemann and Jaenicke, 1990). Eder et al. (2008) have detected in the cell wall of the green alga Micrasterias denticulata various plant-like AGPs epitopes by combination of cell imaging and biochemical approaches. Cell-wall glycoprotein number 1, 2, and 3 (GP1, GP2, and GP3, respectively) are hydroxyproline-rich glycoproteins that co-polymerize to form the W6 layer of C. reinhardtii cell wall. W6 layer is one of the three major outer layers of the C. reinhardtii cell wall that can be solubilized from living cells with chaotropes (Monk, 1988). Voigt and collaborators have studied the ultrastructure of cell wall glycoproteins of V. carteri and the green alga Scenedesmus obliquus. A multi-layered cell wall similar to the GP3 of C. reinhardtii has been reported although its proportion in Hyp is considerably lower (Voigt et al., 2014). Glycoproteins similar to GP1 have also been found in other Chlamydomonas species (eugametos and incerta) (Goodenough et al., 1986) but are absent in Volvovaceae Gonium pectoral and V. carteri (Voigt et al., 2014). The chaotrope-soluble cell wall glycoprotein GP1 is the only polypeptide with an even higher proportion of Hyp (35%) occurring in vegetative C. reinhardtii cells (Voigt et al., 2009). In contrast, GP2 and GP3 have been found in all studied Volvovaceae species. Putative homologs of GP3 have also been detected on the cell walls of some Zygnematales using a polyclonal antibody raised against the glycosylated GP3B isoform of C. reinhardtii (Voigt et al., 2014).



Arabinosylation of O-Glycans in Microalgae

Bollig et al. (2007) have proposed that two arabinosyltransferases are responsible for the addition of the first two Ara residues onto Hyp followed by the action of a galactofuranosyltransferase (GalfT) in C. reinhardtii (Figure 2 and Table 1). These two arabinoses are arabinofuranosyl (Araf) rather than arabinopyranosyl (Arap) residues. UDP-L-Arap is first synthesized in the cytosol from UDP-Xyl and is then converted into UDP-L-Araf through the action of a specific mutase (Bollig et al., 2007). An UDP-L-Arap mutase sharing 78% of identity with AtRGP1 that catalyzes the conversion of UDP-L-Arap into UDP-L-Araf in A. thaliana (Rautengarten et al., 2011) has been purified from the cytosol of C. reinhardtii. UDP-L-Arap mutase activity has also been detected in microsomal fraction of C. reinhardtii (Kotani et al., 2013).

Three putative arabinosyltransferases have been predicted in C. reinhardtii’s genome. The Hyp O-arabinosyltransferase HPAT, belonging to the CAZy GT95 family, performs the transfer of a β-linked L-Ara to Hyp. Genes encoding homologous transferases have also been found in the genomes of V. carteri (Ogawa-Ohnishi et al., 2013), B. braunii and C. vulgaris (Barolo et al., 2020). The second arabinosyltransferase, RRA (CAZy GT77), transfers L-Ara residues linked in β(1-2) to the Hyp-linked Ara (Velasquez et al., 2015). Based on the recent in silico analysis reported by Barolo et al. (2020), this putative enzyme is predicted in the genomes of Porphyridium purpureum and C. vulgaris. The third one is XEG113, a xyloglucanase that acts as an arabinosyltransferase. XEG113 homolog sequences have been identified in O. lucimarinus and O. tauri, suggesting the synthesis of closely related extensins in these microalgae (Roycewicz and Malamy, 2014).



Galactosylation of O-Glycans in Microalgae

UDP-Gal is synthesized from UDP-Glc via the epimerization of the C4 hydroxyl group. Whereas several isoforms of UDP-Gal-4-epimerase (UGE) have been found in plants, only one single sequence encoding for a putative GME has been identified in C. reinhardtii (Cre04.g214502, CrGME; Rösti et al., 2007). Moreover, it has been shown that the Gal residues present in C. reinhardtii O-glycans exhibits the unusual furanose conformation (Galf) (Bollig et al., 2007). Bollig et al. (2007) have proposed that the UDP-Galf residues result from the activity of an UDP-galactopyranose mutase (UGM), which is able to convert UDP-galactopyranose (UDP-Galp) into UDP-Galf. UGMs were found in prokaryotes and a few eukaryotes such as C. neoformans or T. cruzi. One gene sequence encoding for a putative UGM is predicted in the genome of C. reinhardtii (Cre06.g272900). This putative C. reinhardtii UGM shares 60% of identity with the UGM from C. neoformans (Beverley et al., 2005). In addition, a gene sequence encoding for a putative GalfT (Cre02.g108200) is predicted in C. reinhardtii genome (Hung et al., 2016). The presence of Galf has also been reported in the glycosylated toxin “prymnesium” extracted from a red tide microalga Prymnesium parvum (Binzer et al., 2019). Genes encoding putative UGM are predicted in JGI phytozome 13 in other microalgae, such as V. carteri, B. braunii (Chlorococcales), Coccomyxa subellipsoidea (Chlorophytes), Chromochloris zofingiensis, and Dunaliella salina, suggesting the presence of Galf residues on the glycans of these microalgae (unpublished data, personal communication).

One the other hand, a peptidyl-serine α-galactosyltransferase, named SERGT1, has been characterized in C. reinhardtii by Saito et al. (2014). This enzyme has been purified from an endosomal fraction and its galactosyltransferase activity has been confirmed by an in vitro assay. These results revealed that SERGT1 transfer the single α-galactopyranose residue to Ser residues in Ser-(Hyp)4 motifs of EXT, suggesting that O-glycosylation of Ser residues can occur in C. reinhardtii.



Other O-Glycosylation Types in Microalgae

Other O-glycosylation types might exist in microalgae. Recently, using computational analysis of available microalgae genomes, Barolo and collaborators have searched for putative candidates involved in protein O-glycosylation by comparison with genes encoding enzymes of O-glycan pathways in both humans (Homo sapiens) and plants (A. thaliana) (Barolo et al., 2020). Through this work, it was shown that C. reinhardtii exhibits an enzyme repertoire that possess a putative O-fucosyltransferase (POFUT 1) that could be involved in protein O-fucosylation. This enzyme is also predicted in other microalgae such as P. tricornutum, P. purpureum, Nannochloropsis gaditana, B. braunii, and C. vulgaris (Barolo et al., 2020). These authors have also highlighted the presence of two putative O-mannosyltransferase 1 and 2 (POMT1 and POMT2) activities in P. purpureum genome suggesting that O-mannosylation of proteins occurs in this microalga as reported in humans and in the yeast, Saccharomyces cerevisiae (Barolo et al., 2020). In addition, a putative xylosyltransferase 1 (XylT 1) was found in the genomes of P. tricornutum and N. gaditana, although the enzymatic activity was not confirmed experimentally. This suggests a possible O-xylosylation in these two microalgae (Barolo et al., 2020).





METHYLATION OF GLYCANS IN MICROALGAE

Methylation of glycans has been found in the animal kingdom only in worms and mollusks, whereas it is more frequently present in some species of bacteria, fungi and algae (Staudacher, 2012). Methylation has been reported in both N- and O-glycans in microalgae. Indeed, O-methylation of N-glycans appears to be a common feature in microalgae species from Archaeplastidae, although it has never been reported in plants. Indeed, Mócsai et al. (2019) have shown that oligomannosidic structures are O-methylated in C. vulgaris (Mócsai et al., 2019). In addition, O-methylated N-glycans have also been detected in B. braunii (Schulze et al., 2017) and C. reinhardtii (Mathieu-Rivet et al., 2013; Vanier et al., 2017; Lucas et al., 2020). Moreover, the biochemical analysis of the 66 kDa cell wall glycoprotein of the Rhodophyta Porphyridium sp. revealed the presence of methylated N-glycans (Levy-Ontman et al., 2011).

As far as O-glycans in microalgae are concerned, Bollig et al. (2007) proposed that two methytransferases specific to C. reinhardtii perform methylation of some Gal and Ara residues, which corresponds to the final modification of the protein O-glycans in this organism. To the best of our knowledge, none of the enzymes involved in the methylation process has been characterized and the role of the methylation in both N- and O-glycans remains unknown. In this context, authors have suggested that methylation can confer a protective role to the mature glycans. For example, Wohlschlager et al. (2014) have suggested that O-methylated glycans constitute a conserved epitope for the fungal and animal innate immune system. As glycans carrying this modification are present in bacteria, worms, and mollusks, this epitope represents a hitherto unknown target that is recognized by the immune system. Recently, Mócsai et al. (2019) also highlighted that O-methylated N-glycans are possibly immunogenic. Therefore, this has to be taken into account if pharmaceutical glycoproteins are produced using chlorophytes such as C. vulgaris as a cell biofactory. To solve this issue, the authors proposed to identify the O-methyltransferase acting on terminal mannose residues and to knockout this enzyme in the future (Mócsai et al., 2019). Such knockout lines could also be used to answer the scientific question of the biological purpose of N-glycan methylation.



CONCLUSION AND PERSPECTIVES

To date, little information is available regarding the N- and O-glycosylation pathways and their regulation in microalgae. Even if the knowledge regarding these protein post-translational modifications has been extended recently, significant efforts remain to be done to characterize these processes in microalgae, especially in the context of using microalgae as cell biofactories where N- and O-glycosylation pathways remain essential for the biological activities and stability of recombinant proteins (Lingg et al., 2012; Zhang et al., 2013).

In the context of using microalgae as a biopharmaceutical platform for the production of recombinant proteins dedicated to therapeutic applications in humans, it will be crucial to unravel the protein glycosylation pathways and then optimize them in order to mimic human-type N- and O-glycans through metabolic engineering (Dumontier et al., 2018; Barolo et al., 2020; Rosales-Mendoza et al., 2020). This represents an important challenge for the next decades. However, it would benefit from the recent development of genome-editing tools in microalgae (Daboussi et al., 2014; Mussgnug, 2015; Baek et al., 2016; Nymark et al., 2016; Shin et al., 2016; Wang et al., 2016; Huang and Daboussi, 2017; Dumontier et al., 2018; Slattery et al., 2018; Guzmán-Zapata et al., 2019; Fabris et al., 2020; Moosburner et al., 2020; Park et al., 2020). Moreover, several recent studies carried out in plants have highlighted the feasibility of N- and O-glycosylation metabolic engineering for the production of humanized recombinant N- and O-glycoproteins in transgenic plants including for example the production of recombinant IgA1 with defined human-type N- and O-linked glycans (Bakker et al., 2001; Paccalet et al., 2007; Vézina et al., 2009; Castilho et al., 2010; Castilho and Steinkellner, 2012; Yang et al., 2012; Dicker et al., 2016; Kallolimath et al., 2016).
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Recombinantly produced proteins are indispensable tools for medical applications. Since the majority of them are glycoproteins, their N-glycosylation profiles are major determinants for their activity, structural properties and safety. For therapeutical applications, a glycosylation pattern adapted to product and treatment requirements is advantageous. Physcomitrium patens (Physcomitrella, moss) is able to perform highly homogeneous complex-type N-glycosylation. Additionally, it has been glyco-engineered to eliminate plant-specific sugar residues by knock-out of the β1,2-xylosyltransferase and α1,3-fucosyltransferase genes (Δxt/ft). Furthermore, Physcomitrella meets wide-ranging biopharmaceutical requirements such as GMP compliance, product safety, scalability and outstanding possibilities for precise genome engineering. However, all plants, in contrast to mammals, lack the capability to perform N-glycan sialylation. Since sialic acids are a common terminal modification on human N-glycans, the property to perform N-glycan sialylation is highly desired within the plant-based biopharmaceutical sector. In this study, we present the successful achievement of protein N-glycan sialylation in stably transformed Physcomitrella. The sialylation ability was achieved in a Δxt/ft moss line by stable expression of seven mammalian coding sequences combined with targeted organelle-specific localization of the encoded enzymes responsible for the generation of β1,4-galactosylated acceptor N-glycans as well as the synthesis, activation, transport and transfer of sialic acid. Production of free (Neu5Ac) and activated (CMP-Neu5Ac) sialic acid was proven. The glycosidic anchor for the attachment of terminal sialic acid was generated by the introduction of a chimeric human β1,4-galactosyltransferase gene under the simultaneous knock-out of the gene encoding the endogenous β1,3-galactosyltransferase. Functional complex-type N-glycan sialylation was confirmed via mass spectrometric analysis of a stably co-expressed recombinant human protein.

Keywords: glyco-optimization, N-glycan sialylation, N-glycan humanization, glyco-engineering, plant-made recombinant biopharmaceuticals, plant-made pharmaceuticals, PMP


INTRODUCTION

The biopharmaceutical sector is continuously increasing its significant share of the global pharmaceutical market (Moorkens et al., 2017). Recombinant proteins, which represent the largest proportion of biopharmaceutical products, are manufactured only by a limited number of production platforms. These are mainly based on bacteria, yeast, insect cell, plant cell or mammalian cell cultures, whereas the latter are the most represented ones (Merlin et al., 2014). Biopharmaceuticals produced in mammalian cell cultures are in general well accepted, since these are able to perform post-translational modifications in a similar manner as in the human body (Jenkins et al., 2008).

Within mammalian systems, Chinese hamster ovary (CHO) cells are by far the most common production host (Walsh, 2018; Nguyen et al., 2020); even though they are naturally not able to link sialic acid to N-glycans in the human-typical predominant α2,6-manner but perform α2,3-linkages instead. This linkage type is described to be destabilizing on recominantly produced IgG1 due to steric effects that weaken the glycan–backbone interaction, resulting in a less stable conformation (Zhang et al., 2019). Furthermore, N-glycans of glycoproteins produced in some non-human mammalian cell lines can carry immunogenic residues, such as the terminal N-glycolylneuraminic acid (Neu5Gc), a sialic acid not produced in humans (Chou et al., 2002; Tangvoranuntakul et al., 2003; Ghaderi et al., 2012) or α1,3-linked galactoses, which especially occur in SP2/0 cells (Hamadeh et al., 1992; Chung et al., 2008). Moreover, mammalian cell lines show a high heterogeneity in terms of N-glycosylation as well as a limited batch-to-batch reproducibility (Jefferis, 2005; Kolarich et al., 2012; Komatsu et al., 2016), which can negatively affect both the efficacy as well as the quality of a biopharmaceutical (Schiestl et al., 2011). Alternative production platforms can offer advantages in sectors neglected by the current narrowing range of systems. In this regard, plants combine the protein processing capabilities of eukaryotic cells with cultivation requirements comparable to prokaryotic production systems, leading to lower manufacturing costs (Rozov et al., 2018). Further, plants lack human pathogens, endotoxins and oncogenic DNA sequences (Commandeur et al., 2003), and hence are generally safer than microbial or animal production hosts (Twyman et al., 2003). Between plants and animals, both the protein biosynthesis as well as the secretory pathway are highly conserved. This enables plants, in contrast to bacterial hosts, to synthesize and fold complex human proteins correctly (Tschofen et al., 2016), as well as to perform the majority of posttranslational modifications needed for high-quality biopharmaceuticals.

Due to their smaller glycome, plants display a reduced N-glycosylation microheterogeneity in comparison to mammalian cells (Bosch et al., 2013; Margolin et al., 2020). The latter usually synthesize a wide mixture of N-glycans, whereas in plants often one N-glycan structure predominates resulting in a generally high homogeneity of N-glycosylation (Koprivova et al., 2003; Castilho et al., 2011). This leads to a rigid batch-to-batch stability and an improvement of quality and kinetics of recombinantly plant-produced biopharmaceuticals (Bosch et al., 2013; Stoger et al., 2014; Sochaj et al., 2015; Shen et al., 2016). Like mammals, plants produce complex-type N-glycans, which share an identical GlcNAc2Man3GlcNAc2 (GnGn) core but differ in some post-ER processed residues from their mammalian counterparts (Viëtor et al., 2003). The distal GlcNAc residues of mammalian N-glycans harbor β1,4-linked galactoses, which are often capped by a α2,6-linked sialic acid residue (Varki et al., 2017). In contrast, plant N-glycans are predominantly terminated with exposed distal GlcNAcs, which additionally can be decorated with an β1,3-linked galactose and an α1,4-linked fucose (Lerouge et al., 1998). This terminal structure [Galβ(1,3)(Fucα(1,4))GlcNAc], known as Lewis A (Lea) epitope, appears predominantly on extracellular membrane-bound or soluble glycoproteins, suggesting that it plays a role in cell-to-cell recognition and interaction with pathogens. However, it can also be found to some extent on glycoproteins within the Golgi apparatus (Fitchette et al., 1999; Strasser et al., 2007). The Lea epitope is, however, a tumor-associated carbohydrate structure in humans (Zhang et al., 2018) and it has been associated with antibody formation (Fitchette et al., 1999; Wilson et al., 2001). Additionally, the Asn-linked GlcNAc is decorated with an α1,3-attached fucose in plants, whereas in mammals this residue is α1,6-linked. Furthermore, in plants the proximal mannose harbors a β1,2-linked xylose, a sugar which is not present in mammals. Considering that the majority of biopharmaceuticals are glycoproteins and that their N-glycosylation plays an important role in their efficacy (Lingg et al., 2012), attention should be paid to N-glycosylation quality. Therefore, several model plants have been glyco-engineered in the last decades to obtain a humanized N-glycosylation pattern devoid of these structures (van Ree et al., 2000; Bardor et al., 2003; Gomord et al., 2005; Decker and Reski, 2012; Decker et al., 2014). Plant-specific β1,2-xylosylation and α1,3-fucosylation of N-glycans were eliminated in Physcomitrella by targeted knock-outs of the responsible glycosyltransferase (XT and FT) coding genes via homologous recombination (Koprivova et al., 2004). The same genes were knocked down by RNAi in Lemna minor (Cox et al., 2006), Nicotiana benthamiana (Strasser et al., 2008), Medicago sativa (Sourrouille et al., 2008) and Oryza sativa (Shin et al., 2011) or knocked out by T-DNA insertion in Arabidopsis thaliana (Strasser et al., 2004). More recently, these genes were knocked out in Nicotiana benthamiana (Jansing et al., 2018) and Nicotiana tabacum BY-2 suspension cells (Hanania et al., 2017; Mercx et al., 2017) by targeting two XT and either four (N. benthamiana) or up to five (N. tabacum) FT-encoding genes via CRISPR/Cas9 genome editing. Furthermore, the Lea epitope, which is a rare terminal modification of Physcomitrella N-glycans, was abolished in this organism by the single knock-out of the gene encoding the responsible β1,3-galactosyltransferase 1 (GalT3, Pp3c22_470V3.1; Parsons et al., 2012). As proven via mass spectrometry, recombinant erythropoetin (rEPO) produced in Physcomitrella with the triple knock-out (KO) of XT, FT, and GalT3 displayed an outstanding homogeneity in the N-glycans, with a sharply predominant GnGn pattern (Parsons et al., 2012), providing a suitable platform for further glyco-optimization approaches. These studies not only achieved the elimination of the undesired sugar structures, they also revealed a sufficient plasticity of plants toward glyco-engineering approaches without observable phenotypic impairments under different cultivation conditions suitable for biopharmaceutical production (reviewed in Montero-Morales and Steinkellner, 2018).

Plant systems are already being used for the production of biopharmaceuticals. β-Glucocerebrosidase, an enzyme for replacement therapy in Morbus Gaucher treatment, is obtained from carrot-cell suspensions (van Dussen et al., 2013) or ZMapp, a combination of antibodies for treatment of Ebola infections, is produced in N. benthamiana lacking plant-typical N-glycan modifications (Margolin et al., 2018). Besides these approved plant-made biopharmaceuticals there are further promising candidates in clinical trials, such as hemagglutinin-based virus-like particles as N. benthamiana-derived vaccine against influenza (Smith et al., 2020) or the moss-produced α-galactosidase for enzyme replacement therapy in Morbus Fabry treatment (Shen et al., 2016; Hennermann et al., 2019). The majority of pharmaceutically interesting glycoproteins are terminally sialylated in their native form. N-glycan sialylation is highly desirable due to its role in half-life, solubility, stability and receptor binding (Varki et al., 2017). However, plants are unable to perform β1,4-galactosylation, which in mammals serves as acceptor substrate for terminal N-glycan sialylation. Moreover, they are not able to produce, activate and link sialic acid (Zeleny et al., 2006; Bakker et al., 2008; Castilho et al., 2008), which in mammals requires the coordinated activity of six enzymes. To achieve in planta β1,4-galactosylation, several trials have been undertaken in different systems with varying degrees of success, including the expression of the β1,4-galactosyltransferase from humans (GalT4) or animals or chimeric varieties (Palacpac et al., 1999; Bakker et al., 2001, 2006; Misaki et al., 2003; Huether et al., 2005; Fujiyama et al., 2007; Hesselink et al., 2014; Kittur et al., 2020; Kriechbaum et al., 2020). The efficiency and quality of galactosylation was shown to depend on the localization of the enzyme in the Golgi apparatus (Bakker et al., 2001; Strasser et al., 2009), on its expression level (Kallolimath et al., 2018) and on the investigated protein (Kriechbaum et al., 2020). De novo synthesis of sialic acid involves three enzymes in a four-step process within the cytosol. The biosynthesis starts with the synthesis of N-acetylmannosamine (ManNAc) out of its UDP-activated precursor substrate N-acetylglucosamine (UDP-GlcNAc), which is present in both, plants and mammals. The first reaction steps of the sialic acid production are catalyzed by the enzyme UDP-GlcNAc 2-epimerase/ManNAc kinase (GNE), which is the key enzyme of sialic acid biosynthesis (Reinke et al., 2009). GNE bifunctionally accomplishes the cleavage of UDP and the subsequent epimerization of GlcNAc to ManNAc, followed by ManNAc phosphorylation at C-6, resulting in ManNAc-6P. Subsequently, Neu5Ac-9-phosphate synthase (NANS) catalyzes the condensation with phosphoenolpyruvate (PEP) leading to Neu5Ac-9-P (Roseman et al., 1961). Finally, Neu5Ac-9-P is dephosphorylated by the Neu5Ac-9-P phosphatase (NANP) resulting in N-acetylneuraminic acid (Neu5Ac, sialic acid, Maliekal et al., 2006). Activation of Neu5Ac is then performed by the nuclear CMP-Neu5Ac synthetase (CMAS), forming CMP-Neu5Ac (activated sialic acid). This activated sialic acid is translocated in exchange for CMP in an antiporter mechanism by the CMP-sialic acid transporter (CSAT) from the cytosol into the Golgi lumen (Aoki et al., 2003; Tiralongo et al., 2006; Zhao et al., 2006). In the final step of mammalian N-glycosylation, the sialyltransferase (ST) catalyzes the release of Neu5Ac from CMP and the covalent attachment of it to an β1,4-galactosylated acceptor in the trans-Golgi apparatus, resulting in the complex-type mammalian N-glycosylation (pathway depicted in Supplementary Figure 1A). In recent years several approaches have been performed to establish functional sialylation in plants. Accordingly, the simultaneous expression of the murine GNE and human NANS and CMAS coding sequences (CDS) in A. thaliana led to the production of activated sialic acid (Castilho et al., 2008). In N. benthamiana functional N-glycan sialylation could be achieved in a transient approach by co-expressing five CDSs of the sialylation pathway-genes, together with a chimeric GalT4 containing N-terminally the sub-Golgi apparatus localization determining cytoplasmic, transmembrane, and stem (CTS) region of the rat ST. This resulted in a sialylation efficiency of about 80%, detected on an additionally transiently co-expressed recombinant monoclonal antibody (Castilho et al., 2010). The first stable genetically engineered sialylating N. benthamiana line was described by Kallolimath et al. (2016).

Particularly, with regard to recent achievements in the production of candidate biopharmaceuticals, combined with its Good Manufacturing Practice (GMP)-compliant production capabilities, the moss Physcomitrella serves as a competitive production platform for biopharmaceuticals (Decker and Reski, 2020). Preclinical trials of moss-derived recombinant human complement factor H were recently effectively accomplished (Häffner et al., 2017; Michelfelder et al., 2017), along with the moss-GAA (acid alpha-1,4-glucosidase) against Pompe disease (Hintze et al., 2020). Furthermore, the clinical phase I study of the recombinantly produced candidate biopharmaceutical moss-aGal against Fabry disease was successfully completed (Reski et al., 2018; Hennermann et al., 2019). Moss-GAA and moss-aGal proved to have better overall performance compared to their variants produced in mammalian cell cultures (Hennermann et al., 2019; Hintze et al., 2020), demonstrating the potential of Physcomitrella to produce biobetters. However, the last step in humanizing N-glycans, protein sialylation, still has to be accomplished.

Here, we report the successful establishment of stable protein sialylation in Physcomitrella, after subsequently accomplishing the synthesis of free as well as activated sialic acid, and the β1,4 linkage of the sialic acid anchor galactose to protein N-glycans. This will further increase the attractiveness of moss as plant-based biopharmaceutical production platform.



MATERIALS AND METHODS


Construct Generation

For cloning, coding sequences were amplified by PCR with PhusionTM High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, United States). All primers used in this study are compiled in Supplementary Table 1. After each PCR or restriction digest step, agarose gel purification of respective fragments was performed using QIAEX II Gel Extraction Kit (QIAGEN, Hilden, Germany) and ligations were performed using pJET 1.2 Cloning Kit or TOPOTM TA CloningTM (Thermo Fisher Scientific), all according to the manufacturer’s protocols. Assembled vectors were verified by sequencing.

For the heterologous expression of all six genes of the sialylation pathway two multi-gene constructs, containing three PCR-amplified CDS each, were assembled via restriction-site based cloning. GNE (NM_001190414.2) and CSAT (NM_011895.3) were amplified from murine cDNA and ST (NM_001113344.1) from rat cDNA. NANS (NM_018946.4), a truncated CMAS (NM_018686.5) version lacking 120 bases at the 5′ end (Castilho et al., 2010) and NANP (NM_152667.3) were amplified from human cDNA. Additionally, a Blasticidin-S deaminase (BSD) expression cassette under the control of the CaMV 35S promoter and CaMV 35S terminator, provides resistance toward Blasticidin S (Kubo et al., 2013).

To assemble the multi-gene constructs, each CDS as well as the BSD cassette were amplified with restriction site-introducing primers (primers 1–14), and subcloned in the pJET 1.2 cloning vector. Expression of each glycosylation-related CDS was driven by the long CaMV 35S promoter (Horstmann et al., 2004) and the nos terminator. Promoter, multiple cloning site (MCS) and terminator were amplified via CDS-specific restriction site-introducing primers (primers 15–22) and subcloned into pJET 1.2, resulting in six different target vectors. To assemble the expression cassettes, the subcloned CDS and the multiple cloning site of the corresponding target vector were digested with the respective restriction enzymes and ligated, resulting in seven expression cassettes, containing GNE, NANS, NANP, CMAS, CSAT, ST, or BSD, respectively. For generation of the two multi-gene constructs, two assembly vectors, either based on pJET 1.2 or pCRTM4-TOPO® TA-vector (pTOPO) harboring the corresponding homologous flanks for targeted genome integration and a designed MCS were created, respectively (Figures 1A,B). For the introduction of the first part of the sialylation pathway containing GNE, NANS and NANP (GNN) vector, homologous flanks were designed to target the integration of the construct into the Physcomitrella adenine phosphoribosyltransferase (APT) gene (Pp3c8_16590V3.1). To create the multiple cloning site of the GNN-assembly vector, the APT-5′ homologous flank was amplified with a primer pair introducing an LguI restriction site at the 5′ end and AgeI, SgrDI and AvrII restriction sites at the 3′ end of the PCR product (primers 23 and 24). The APT-3′ homologous flank was amplified with a primer pair introducing AvrII and AscI restriction sites at the 5′ end and an LguI restriction site at the 3′ end of the PCR product (primers 25 and 26). The respective PCR-products were digested with AvrII, ligated and subsequently cloned into pJET 1.2, resulting in the GNN assembly vector (Figure 1A). GNE-, NANS- and NANP expression cassettes were subsequently introduced into the GNN-assembly vector using the AgeI + SgrDI, SgrDI + AvrII or AvrII + AscI restriction sites, respectively, resulting in the GNN construct (Supplementary Figure 1B).
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FIGURE 1. Schematic illustration of the cloned target vectors and the final GNN and CCSB constructs used for transfection. (A) pJET1.2-based assembly vector with a designed multiple cloning site for generation of the GNE, NANS and NANP-containing GNN construct with homologous flanks for integration into the adenine phosphoribosyltransferase (APT) locus. (B) pTOPO-based assembly vector with a designed multiple cloning site for generation of the CMAS, CSAT, ST, and BSD-containing CCSB construct with homologous flanks for integration into the prolyl-4-hydroxylase 1 (P4H1) locus. LguI or NotI were used to linearize GNN (C) and CCSB (D) constructs, respectively, before sequential transformation of Physcomitrella. 5′ HR, 5′ homologous region; 3′ HR, 3′ homologous region; 35S P long, long CaMV 35S promoter; 35S P, CaMV 35S promoter; nosT, nos terminator; 35ST, CaMV 35S terminator.


For construction of the CMAS, CSAT, ST, and BSD-cassette containing multi-gene construct (CCSB) a similar strategy was used. This construct was created based on the pTOPO vector, targeted to the endogenous prolyl-4-hydroxylase1 (P4H1) gene (Pp3c8_7140V3.1) and additionally harbored a Blasticidin S resistance (BSD) for selection purposes. To create the multiple cloning site of the CCSB-assembly vector, the P4H1-5′ homologous flank was amplified with a primer pair introducing a NotI restriction site at the 5′ end and SgrDI, AgeI and AvrII restriction sites at the 3′ end of the PCR product (primers 27 and 28). The P4H1-3′ homologous flank was amplified with a primer pair introducing AvrII, AgeI and AatII restriction sites at the 5′ end and a NotI restriction site at the 3′ end of the PCR product (primers 29 and 30). The respective PCR-products were digested with AvrII, ligated, polyadenylated with Taq-polymerase using primers 27 and 30 and cloned into the pTOPO vector to create the CCSB-assembly vector (Figure 1B). CMAS, CAST, ST and BSD expression cassettes were subsequently introduced into the CCSB-assembly vector using the SgrDI + AscI, AscI + AvrII, AvrII + AgeI and AgeI + AatII restriction sites, respectively, resulting in the CCSB construct (Supplementary Figure 1C). The LguI or NotI-cut GNN and CCSB constructs used for transfections are schematically illustrated in Figures 1C,D. A schematic overview of all GNN and CCSB cloning steps is provided in Supplementary Figure 1.


GNE Mutation

To circumvent CMP-Neu5Ac-triggered negative feedback regulation of GNE, a mutated version (GNEmut) with amino acid exchanges R263L and R266Q in the allosteric CMP-Neu5Ac binding site (Viswanathan et al., 2005; Son et al., 2011), was created. The corresponding GNE sequence alterations were performed on the previously described GNE expression construct via site-directed mutagenesis using the Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. For complete vector amplification a mismatching primer pair, which changes the codon at position 263 from CGA to CTA and replaces the codon CGG at position 266 with CAG, was used (primers 31 and 32). After successful mutagenesis, the native GNE of the GNN construct was replaced by GNEmut via AgeI and SgrDI restriction sites, resulting in the GM construct.



Cloning of a Chimeric β1,4-Galactosyltransferase

For cloning of a chimeric β1,4-galactosyltransferase (FTGT), the localization-determining cytoplasmic, transmembrane, and stem region (CTS) of the human β1,4-galactosyltransferase (GalT4, NM_001497.4) was replaced by 390 bp encoding the 130 amino acids comprising the CTS of Physcomitrella α1,4-fucosyltransferase (FT4, Pp3c18_90V3.1), responsible for the last step in N-glycosylation. The CTS from the FT4 (FT-CTS) was amplified from moss cDNA with the primers 33 and 34, generating an overlapping region to the GalT4 sequence. In parallel, 927 bp comprising the catalytic domain from the GalT4 CDS were amplified with primers 35 and 36. Subsequently, the PCR products were assembled in a two-template PCR with primers 33 and 36, giving rise to the CDS of the chimeric FT-CTS:β1,4-galactosyltransferase (FTGT). For the expression of the FTGT, a bicistronic expression cassette driven by the long CaMV 35S promoter was cloned. The sequence of the chimeric FTGT and the ble gene (Parsons et al., 2013), conferring resistance to ZeocinTM (Zeocin), were separated by the sequence of a self-cleaving 2A peptide (P2A). This sequence triggers ribosomal skipping during translation, leading to the release of two individual proteins (Donnelly et al., 2001; Kim et al., 2011). P2A was shown to be more efficient than other 2A peptides (Kim et al., 2011). The sequence for P2A was included at the 3′ end of the chimeric FTGT CDS by two successive PCR reactions using primers 33 and 37, as well as 33 and 38. The CaMV 35S promoter from the Zeocin resistance cassette in the β1,3-galactosyltransferase 1-KO construct (Parsons et al., 2012) was excised with BamHI and XhoI and replaced by a long CaMV 35S promoter amplified with primers 39 and 40 using the same restriction sites. This construct bears homologous flanks targeting the endogenous β1,3-galactosyltransferase 1 locus (GalT3, Pp3c22_470V3.1) to knock it out (Supplementary Figure 2). The FTGT-P2A sequence was then inserted between promoter and ble gene using the XhoI site. For transfection the construct was cut using EcoRI endonuclease.



Cloning of a Chimeric α2,6-Sialyltransferase

For the introduction of a chimeric sialyltransferase (FTST), consisting of the endogenous FT-CTS and the catalytic domain of the rat α2,6-sialyltransferase, a construct with homologous flanks for targeted integration into the P4H2 locus (Pp3c20_10350V3.1) (Supplementary Figure 3) was cloned via Gibson assembly. Amplification of the 5′ and 3′ homologous flanks was performed from moss genomic DNA using overhang introducing primers 41 and 42 or 43 and 44, respectively. The hygromycin selection cassette coding for a hygromycin B phosphotransferase (hpt) (Decker et al., 2015) was amplified using the primers 45 and 46. Gibson assembly was performed as described in Gibson et al. (2009) into a pJET 1.2 backbone. For introduction of the chimeric FTST variant this vector was linearized with BseRI at the 3′ end of the 5′ homologous flank and subsequently used as backbone for the introduction of the FTST anew via Gibson assembly. For this the FT-CTS together with the long CaMV 35S promoter was amplified with the primers 47 and 48 from the previously described FTGT construct and the catalytic domain of the rat ST including the nos terminator was amplified from the previously described CCSB construct using primers 49 and 50. For transfection the construct was cut using NotI and XbaI endonucleases.




Plant Material and Cell Culture

Physcomitrella was cultivated as described previously (Frank et al., 2005) in Knop medium supplemented with microelements (KnopME, Horst et al., 2016). The sialylating lines were obtained by stable transformation of the Δxt/ft moss line (IMSC no.: 40828), in which the α1,3-fucosyltransferase and the β1,2-xylosyltransferase genes have been disrupted via homologous recombination (Koprivova et al., 2004). This line additionally produces a recombinant human reporter glycoprotein.


Transfection of Physcomitrella Protoplasts and Selection of Transgenic Lines

Protoplast isolation, transformation and regeneration were performed as described before (Decker et al., 2015). For each transfection event 50 μg of linearized plasmid were used. Selection for the marker-free GNN or GM lines with targeted ATP locus disruption was performed on 0.3 mM 2-fluroadenine (2-FA) containing solid KnopME plates. Protoplasts were regenerated in liquid regeneration medium for 5 days, then transferred to KnopME solid medium covered with cellophane for 3 days. Subsequently, the cellophane sheets with the regenerating protoplasts were transferred onto 2-FA containing KnopME plates for a further 3 weeks. Selection with Blasticidin S (Sigma-Aldrich) or Zeocin (Invitrogen) were started in liquid regeneration medium on day 8 after transfection via the addition of 75 mg/L Blasticidin S or 50 mg/L Zeocin, respectively. After 4 days of selection in liquid medium the protoplasts were transferred to solid KnopME plates containing either 75 mg/L Blasticidin S or 100 mg/L Zeocin and 1% MES, respectively. The selection was done in two successive cycles of 3 weeks on selective plates interrupted by a 2-week release on non-selective KnopME plates. Hygromycin selection was performed as described before (Wiedemann et al., 2018).




Molecular Validation of Transgenic Moss Lines

Plants surviving the selection were screened for targeted construct integration via direct PCR (Schween et al., 2003). Successful extraction of DNA, which was performed as described before (Parsons et al., 2012), was assayed by amplifying a part of the elongation factor 1 gene (EF1α, Pp3c2_10310V3.1) with primer pair 51 and 52. Targeted integration of the GNN or GM constructs in the APT locus was confirmed using the primer pairs 53 and 54 for 5′- and 55 and 56 for 3′-integration. Targeted integration of the CCSB construct within the P4H1 locus was assayed with the primers 57 and 58 as well as 59 and 60 for the 5′- and 3′-integration, respectively. Homologous integration of the chimeric β1,4-galactosyltransferase FTGT into the GalT3 locus was confirmed using the primers 61 and 62 (5′-integration), whereas correct 3′-integration was confirmed by the primers 63 and 64. Targeted integration of the FTST construct into the P4H2 locus was assayed with the primers 65 and 66 for 5′- and 67 and 68 for 3′-integration.



Expression Analysis of Transgenic Moss Lines


Real-Time qPCR (qRT-PCR) Analysis of Gene Expression

To determine the expression levels of the transgenes, total RNA was isolated using Trizol (Thermo Fischer Scientific) according to the manufacturer’s instructions. RNA concentrations were determined via UV-Vis spectrometric measurement (NanoDrop ND 1000, PEQLAB Biotechnologie GmbH, Erlangen) and quality was checked via agarose gel electrophoresis. Isolated RNA was subsequently digested with DNaseI (Thermo Fisher Scientific) and cDNA synthesis was performed with random hexamers using TaqMan® Reverse Transcription Reagents (Thermo Fisher Scientific), both according to the manufacturer’s protocols. Completeness of DNaseI digestion was confirmed by a non-transcribed control, without the addition of MultiScribe® RT enzyme. Primer pairs were designed using the Universal Probe Library by Roche1 and selected according to the lowest amount of off-target hits identified in a Phytozome (Goodstein et al., 2012) search against the Physcomitrella transcriptome (V3.3; Lang et al., 2018). Oligonucleotide pair efficiencies of 2 were confirmed prior to analysis with a qPCR-run of a serial 1:2 dilution row of cDNA completed by a control without cDNA. Presence of off-targets was excluded via melting curve analysis. Measurements were prepared in white 96-multiwell plates and carried out in triplicate, using the SensiMixTM Kit and SYBRGreen (Bioline, Luckenwalde, Germany). For each triplicate cDNA amounts corresponding to 50 ng RNA were used and measurements were conducted in a LightCycler® 480 (Roche) according to the manufacturer’s instructions. Absence of DNA contamination in reagents was confirmed for each primer pair with a control reaction without template addition. Amplification was performed in 40 cycles with a melting temperature of 60°C. Computational analysis of the qRT-PCR was done with LightCycler® 480 software (Roche). The analysis of the expression levels of the transgenes was performed relatively against the expression values of the internal housekeeping genes coding for EF1α and for the ribosomal protein L21 (Pp3c13_2360V3.1) (Beike et al., 2015). The relative expression of the gene of interest (GOI) compared to the controls (ctrl) EF1α and L21 was calculated as 2(−ΔCT), assuming an primer efficiency of 2, and where ΔCT = CTGOI − CTctrl and CT is defined as the cycle number at which each sample reaches an arbitrary threshold (Livak and Schmittgen, 2001). Primer pairs used: GNE: 73 and 74; NANS: 75 and 76; NANP: 77 and 78; CMAS: 79 and 80; CSAT: 81 and 82; ST and FTST: 83 and 84; FTGT: 85 and 86; EF1α: 69 and 70 and L21: 71 and 72.



RNAseq Library Preparation and Data Analysis

Total RNA was extracted from 100 mg fresh weight (FW) protonema tissue in biological triplicates for each line, using Direct-zolTM RNA MicroPrep Kit (Zymo Research, Freiburg) according to the manufacturer’s protocol. RNAseq library preparations were performed by the Genomics Unit at Instituto Gulbenkian de Ciencia (Portugal) with conditions optimized according to Picelli et al. (2014); Baym et al. (2015), and Macaulay et al. (2016) using Smart-seq2. Sequencing was performed on an Illumina NextSeq 500 instrument producing 75 bp long single-end reads.

We assessed sequence quality with FastQC (Galaxy Version 0.72 + galaxy1; Andrews, 2010) and MultiQC (Galaxy Version 1.6; Ewels et al., 2016) on the public European Galaxy instance at https://usegalaxy.org (Afgan et al., 2018). For transcript quantification, reads of each library were pseudoaligned against the Physcomitrella transcriptome (V3.3; Lang et al., 2018), obtained from Phytozome v12.1.5 (Goodstein et al., 2012) and complemented with the sequences of the introduced transgenes using Kallisto quant (Galaxy Version 0.43.1.4; Bray et al., 2016) for single-end reads in “unstranded” mode. According to the information obtained from the sequencing facility, the average fragment length of the libraries was specified as 340 with an estimated standard deviation of 34. For the quantification algorithm a number of 100 bootstrap samples was chosen. The data used for these analyses can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA665456.




Detection of Sialic Acid (Neu5Ac) via Periodate-Resorcinol-Assay

The detection of total sialic acid concentrations in moss extracts was performed according to Jourdian et al. (1971) with the following modifications: Protonema, the young filamentous tissue of Physcomitrella, was harvested via vacuum filtration and frozen. Approximately 150 mg FW of frozen plant material was disrupted with a glass and a metal bead (Ø 3 mm; QIAGEN GmbH, Hilden, Germany) in a TissueLyser (MM400, Retsch GmbH, Haan, Germany) at 30 Hz for 1.5 min. For Neu5Ac extraction, the fourfold amount (v/w) of 50 mM Tris/HCl (pH 7.0) was added and the samples were vortexed for 10 min and afterward sonicated (Bandelin Sonorex RK52, Bandelin electronic GmbH & Co. KG, Berlin, Germany) for 15 min at 4°C. Crude extracts were cleared via two subsequent centrifugation steps at 14,000 rpm and 4°C for 10 min and further 30 min centrifugation of the supernatant in a fresh reaction tube. Serial dilutions of the samples (1:2 to 1:32) and a standard row containing 1 to 40 nmol Neu5Ac (Sigma-Aldrich) were prepared in extraction buffer, final volume 120 μl. For sialic acid oxidation 30 μl of a 0.032 M periodic acid solution were added, followed by 45 min incubation under gently shaking conditions at 4°C. Samples were additionally cleared via a 10 min centrifugation step at 14,000 rpm and 4°C. Subsequently, 100 μl of freshly prepared resorcinol solution (0.06% w/v resorcinol (Sigma-Aldrich), 16.8% HCl, 0.25 μM CuSO4) and 50 μl sample or standard were mixed in a 96-well plate (Greiner Bio-One, Frickenhausen, Germany), sealed and incubated for 45 min at 80°C. Color complexes were stabilized by the addition of 100 μl tert-butanol (Sigma-Aldrich) and the absorbance measured at 595 nm (Sunrise absorbance reader, Tecan, Männedorf, Switzerland, software MagellanTM V 7.1). Calculation of Neu5Ac concentration in the samples was performed by linear regression.



Detection of Sialic Acid (Neu5Ac) via RP-HPLC-FLD

Detection of sialic acid in moss extracts was performed as described previously for Arabidopsis thaliana (Castilho et al., 2008) via reverse-phase high-performance liquid chromatography coupled with fluorescence detection (RP-HPLC-FLD). Moss protonema tissue was dispersed with an ULTRA-TURRAX® (IKA, Staufen, Germany), 1 ml of the crude extract was taken for dry weight (DW) determination and further 500 μl were mixed with 50 μl acetic acid and incubated for 10 min under shaking conditions. Extracts were cleared via 1 min of centrifugation at 16,100 × g and supernatants were further purified via a C18 SPE column (Strata C18-E, 50 mg; Phenomenex), pre-equilibrated with 1% acetic acid. After loading to the column, the samples were washed with 200 μl 1% acetic acid. The column flow-through was vacuum-dried and afterward resuspended in 30 μl ultra-pure water. Ten microliter of the C18 SPE purified extracts were DMB-labeled with 60 μl of DMB labeling reagent (Sigma-Aldrich), at 50°C for 2.5 h in the dark under shaking conditions at 750 rpm (Hara et al., 1987). Prior to analysis, quenching of the reaction was performed by the addition of 730 μl of ultra-pure water. For detection of sialic acid, 5 to 20 μl of the labeled extracts were injected on a HPLC (Nexera X2 HPLC system) with a RF-20Axs Fluorescence Detector, equipped with a semimicro flow cell (Shimadzu, Korneuburg, Austria). Separation was performed on an Aquasil C18 column (250 cm × 3 mm, 5 μm particle size; Thermo Fisher Scientific) at a flow rate of 1 ml/min, applying a linear gradient from 30% to 42% B (70% 100 mM ammonium acetate pH 5.5, 30% acetonitrile; Solvent A was water) over 12 min and the column thermostat was set to 35°C. Fluorescence was measured with wavelengths excitation/emission 373 nm and 448 nm. Identification of DMB-Neu5Ac in the moss extract was performed in comparison to a DMB-Neu5Ac standard sample and confirmed by its co-eluting fluorescent profile; its concentration was determined via peak area integration.



Detection of Activated Sialic Acid (CMP-Neu5Ac) via Mass Spectrometry

Five ml of protonema suspension culture were supplemented to an ammonia concentration of 1% (v/v) and dispersed with an ULTRA-TURRAX®. Afterward the extracts were cleared via 10 min of centrifugation at 16,100 × g and supernatants were applied on a 10 mg HyperSepTM HypercarbTM SPE cartridge (Thermo Fisher Scientific). Washing of the column was conducted with 1 ml 1% ammonia, and CMP-Neu5Ac was eluted with 600 μl 50% ACN in 1% ammonia. To minimize degradation of CMP-Neu5Ac, this extraction process was performed in the minimal possible time (max. 30 min). In parallel, degradation of a thawed and frozen CMP-Neu5Ac standard (Sigma-Aldrich) was assayed, to exclude that CMP-Neu5Ac degradation compromise the results. Afterward, the elution fraction was vacuum-dried and resuspended in 10 μl 80 mM formic acid, buffered to pH 9 with ammonia. Five microliter were injected on a Dionex Ultimate 3000 LC-system, using a HypercarbTM Porous Graphitic Carbon LC Column (150 × 0.32 mm; Thermo Fisher Scientific). Solvent A consisted of 80 mM formic acid, buffered to pH 9, solvent B of 80% ACN in solvent A. At a flow of 6 μl/min and column oven set to 31°C, initial conditions of 1.3% B were held for 5 min, went to 19% B over 27 min and finally 63% in 1 min, which was held for 7 min. The LC was directly coupled to a Bruker amaZone speed ETD ion trap instrument (Bruker, Bremen, Germany) with standard ESI source settings (capillary voltage 4.5 kV, nebulizer gas pressure 0.5 bar, drying gas 5 L/min, 200°C). Spectra were recorded in negative ion data depended acquisition mode with MS1 set on m/z 613.1 which corresponds to the [M-H]–-ion of CMP-Neu5Ac, and simulated selected ion monitoring of m/z 322.0 ([M-H]– of CMP) was performed with MS2. Confirmation of CMP-Neu5Ac identity was performed via the measurement of a CMP-Neu5Ac standard demonstrating an identical fragment pattern on MS2 level. Quantification of CMP-Neu5Ac amounts were performed via peak area integration and compared to peak areas gained from defined amounts of a CMP-Neu5Ac standard.



Glycoprotein Analysis


Protein Extraction for Mass Spectrometric Analyses

Moss protonema material (1–2 g of fresh weight), cultivated for 6 days in KnopME at pH 4.5 with 2.5 mM ammonium tartrate (Sigma-Aldrich) was harvested over a 100 μm sieve and resuspended in threefold amount extraction buffer (408 mM NaCl, 60 mM Na2HPO4x2H2O, 10.56 mM KH2PO4, 60 mM EDTA, 1% protease inhibitor (Sigma-Aldrich), pH 7.4). The material was homogenized with an ULTRA-TURRAX® for 10 min at 10,000 rpm on ice. The crude cell lysate was cleared via two successive centrifugation steps for 5 min at 5,000 rpm and 4°C. Extracts were frozen in 150 μL aliquots, in liquid nitrogen and stored at −80°C.



Glycopeptide Analysis

For mass spectrometry (MS) protein extracts were supplemented with 2% SDS and 25 mM DTT (final concentration) and incubated for 10 min at 90°C. After cooling to room temperature, proteins were S-alkylated with 60 mM iodoacetamide for 20 min in darkness. Prior to SDS-PAGE the samples were mixed with 4× sample loading buffer (Bio-Rad, Munich, Germany). Separation of proteins was carried out via SDS–PAGE in 7.5% gels (Ready Gel Tris-HCl; BioRad) in TGS buffer (BioRad) at 120 V. After electrophoresis, the gel was washed three times for 10 min in water followed by a 1 h staining period with PageBlue® Protein Staining Solution (Thermo Fisher Scientific). For MS analysis gel bands corresponding to high molecular weight range proteins were excised. Gel band preparations, MS measurements on a QExative Plus instrument and data analysis were performed as described previously (Top et al., 2019). Raw data were processed using Mascot Distiller V2.5.1.0 (Matrix Science, United States) and the peak lists obtained were searched with Mascot V2.6.0 against an in-house database containing all Physcomitrella V3.3 protein models (Lang et al., 2018) and the recombinant reporter protein. Glycopeptides were identified from the Mascot mgf files using a custom Perl script. Glycopeptide precursor masses were searched within these files with a precursor mass tolerance of ±5 ppm and further validated by the presence of typical GlcNAc oxonium ions (m/z-values: [GlcNAc]+ = 204.087, [GlcNAc - H2O]+ = 186.076, [GlcNAc - 2H2O]+ = 168.066, [GlcNAc - C2H4O2]+ = 144.065, [GlcNAc - CH6O3]+ = 138.055, [GlcNAc - C2H6O3]+ = 126.055), glycan fragment ions ([GlcNAcHex]+ = 366.139, [GlcNAcHex2]+ = 528.191) or in the case of sialic acid containing glycopeptides the presence of Neu5Ac-specific oxonium ions (m/z-values: [Neu5Ac]+ = 292.103 and [Neu5Ac - H2O]+ = 274.092) (Halim et al., 2014). A fragment mass tolerance of 0.02 Da was used. A list of the glycopeptides searched and their calculated precursor masses is provided in Supplementary Table 2. Quantification of identified glycopeptides was done using a default MaxQuant search (V1.6.0.16) on the raw data. For each glycopeptide identified from Mascot mgf files, the intensity value (peak area) was extracted from the MaxQuant allPeptides.txt file by matching raw file name, precursor mass and MS2 scan number using another custom Perl script.





RESULTS


Generation of Stable Sialic Acid-Producing Lines

To establish protein sialylation in Physcomitrella, six sequences encoding the enzymes required to synthesize, activate, transport and finally transfer sialic acid onto β1,4-galactosylated N-glycans needed to be introduced into the moss genome. These CDSs were distributed to two multi-gene cassettes, with homologous flanks for targeted integration into the Physcomitrella genome (Figures 1C,D), of a Δxt/ft (β1,2-xylosyltransferase and the α1,3-fucosyltransferase) knock-out line expressing a recombinant human reporter glycoprotein to verify the N-glycan sialylation.

As plants have no or undetectable amounts of ManNAc (Paccalet et al., 2007), synthesis of sialic acid in plants needs to be started with the epimerization of UDP-GlcNAc by GNE. To enable the production of sialic acid, the enzymes responsible for its biosynthesis, GNE, NANS and NANP were introduced via two versions of a multi-gene expression construct only differing in the GNE CDS used. One expression construct (GNN) contained the native GNE and in the other the GNE CDS was altered with two point mutations, R263L and R266Q, in the CMP-Neu5Ac binding site (GM). Both constructs bear homologous regions targeting the adenine phosphoribosyltransferase locus, whose disruption leads to interruption of the adenine-salvage-pathway resulting in lines resistant toward the toxic adenine analog 2-fluoro adenine (2-FA) (Trouiller et al., 2007). The selection on 2-FA resulted in four GNN-lines with the native GNE (GNN1-4) and 64 GM-lines with the mutated GNE, which were directly screened by PCR for targeted integration of the respective construct within the genome. Homologous 5′- and 3′-construct integration was confirmed for two lines harboring the GNN construct (GNN2 and GNN4) and 3′ homologous integration was confirmed for two further GNN-lines (GNN1 and GNN3) as well as 26 GM-construct containing lines (GM9, 10–12, 16, 21, 22, 25–28, 36, 41, 44–47, 49, 51, 52, 57, and 61–65), respectively (Supplementary Figures 4, 5). These lines were chosen for further experiments.


GNN and GM Lines Produce Sialic Acid

In mammals, the coordinated activity of GNE, NANS, and NANP leads to the synthesis of free sialic acid. To prove the activity of these enzymes in Physcomitrella, sialic acid was quantified in plant extracts via a colorimetric periodate-resorcinol assay, which measures total sialic acid. Three out of four analyzed GNN-lines and 20 out of 22 analyzed GM-lines could be identified as sialic acid producers, while, as expected, the parental line does not show any signal indicating sialic acid production. Sialic acid levels between 9.8 ± 0.5 and 16.5 ± 0.7 μmol/g FW were detected in the GNN lines, whereas similar amounts ranging from 4.1 ± 0.1 up to 15.9 ± 0.5 μmol/g FW were obtained in the GM lines (Figure 2A). This indicates, on the one hand, that the epimerase and kinase activities of the mutated GNE are not affected, as was already shown for this mutated GNE version in CHO cells (Son et al., 2011). Moreover, the presence of free sialic acid as product of the reaction of GNE, NANS and NANP, confirms the sequential activity of the three enzymes. These include the synthesis of ManNAc and subsequently ManNAc-6-P out of UDP-GlcNAc catalyzed by GNE, the NANS mediated condensation of the ManNAc-6-P with PEP resulting in Neu5Ac-9-P and finally the formation of Neu5Ac catalyzed bei NANP. For the overall best producing line GNN2 presence of sialic acid was confirmed via fluorescence detection of DMB-labeled moss extracts separated over reverse-phase HPLC (RP-HPLC-FLD) compared to a DMB-Neu5Ac standard and the parental line as a negative control (Figure 2B and Supplementary Figure 6). According to the peaks’ area ratio, 85 μmol Neu5Ac/g DW could be detected in GNN2 extracts. Considering that under our experimental conditions the relationship FW:DW is 5:1, this result is in agreement with the result of the colorimetric assay.
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FIGURE 2. Detection of sialic acid in moss extracts of lines expressing NANS, NANP and either the native GNE (GNN lines) or the mutated version GNEmut (GM lines). (A) Detection of sialic acid via periodate-resorcinol assay in protonema extracts of four GNN (purple), 22 GM (green) lines and the parental line (P). Neu5Ac quantification was performed in comparison to a Neu5Ac standard. Extracts were measured in duplicates in serial dilutions ranging from 1:2 to 1:32 and standard deviations (SDs) are given. Absorption was measured at 595 nm. FW, fresh weight; n.d., not detectable. (B) Detection of sialic acid in line GNN2 via reverse-phase high-performance liquid chromatography coupled with fluorescence detection (RP-HPLC-FLD). For fluorescent detection, sialic acid in the protonema extract was derivatized with 1,2-diamino-4,5-methylenedioxybenzene (DMB), resulting in DMB-Neu5Ac. Identity of the DMB-Neu5Ac in the moss extract (red line) was confirmed by comparison to DMB-Neu5Ac standard (black line).




Expression Analysis of GNE, NANS, and NANP in GNN and GM Lines

Four Neu5Ac-producing lines (GNN1, GNN2, GNN4 and GM28) were characterized via Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) regarding their transgene expression levels. The results are summarized in Figure 3 via the respective 2(–ΔCT)-values which represent the ratios between the expression level of the respective transgene compared to the expression levels of the housekeeping genes EF1α and L21. All analyzed lines strongly express the introduced transgenes. The parental line, expressing the recombinant reporter protein but none of the sialylation-pathway genes, was used as negative control. Therefore the values obtained for the sialylation-pathway genes in the control were considered as background signal (Figure 3). The expression level of the transgenes varied in the different lines, notably the expression level of NANP seems to be related to the amount of free sialic acid found in these lines (Figures 2A, 3), indicating that the expression of this enzyme might play an important role in the efficiency of sialic acid synthesis.
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FIGURE 3. qRT-PCR based expression analysis of GNE, NANS, and NANP relative to the expression of the internal housekeeping genes EF1α and L21. Expression levels of the transgenes were normalized against the expression levels of the two housekeeping genes EF1α and L21. The relative expression levels are expressed as 2(–ΔCT), where ΔCT = CT transgene – CT housekeeping genes. Bars represent mean values ± SD from n = 3. The parental plant (P) was used as negative control.





Generation of the Complete Sialylation Pathway

After confirming the synthesis of sialic acid, the second part of the sialylation pathway catalyzing the activation, transport and glycosidic transfer of sialic acid was introduced. For this, the best Neu5Ac producing lines GNN2 and GM28 were transfected with the second multi-gene construct, called CCSB, containing the CDSs of CMAS, CSAT, ST as well as a Blasticidin S resistance cassette targeted to the moss P4H1 gene, to prevent plant typical prolyl hydroxylation of recombinant proteins (Parsons et al., 2013). After selection, surviving lines were directly screened by PCR for targeted integration of the CCSB construct into the P4H1 locus. This resulted in two lines in the GNN2-background (GNC lines 4 and 7, Supplementary Figure 7) and four lines with confirmed 3′-integration in the GM28 background (GMC lines 5, 22, 23, and 46, Supplementary Figure 8).


Expression Analysis of CMAS, CSAT, and ST

The expression levels of CMAS, CSAT, and ST were analyzed via qRT-PCR in all six lines with targeted integration of the CCSB construct alongside their respective parental lines GNN2 for GNC and GM28 for GMC as negative controls. The expression levels of previously introduced GNE, NANS and NANP were analyzed anew. In four of these lines, GNC7, GMC5, GMC23, and GMC46, all six transgenes are strongly expressed, ranging from comparable to higher expression levels than the strongly expressed housekeeping genes EF1α and L21 (Figure 4). The other two lines showed a low expression level for at least one gene, mainly the CMAS. Unexpectedly, in GNC4 a marked decrease in the expression levels of GNE, NANS and NANP was observed.
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FIGURE 4. qRT-PCR based expression analysis of all six heterologous sialic acid pathway genes in two GNC and four GMC lines relative to the expression of the internal housekeeping genes EF1α and L21. As negative controls for the newly introduced CMAS, CSAT, and ST sequences the respective parental lines GNN2 or GM28 were included. Expression levels of the transgenes were normalized against the expression levels of the two housekeeping genes EF1α and L21. The relative expression levels are expressed as 2(–ΔCT), where ΔCT = CT transgene – CT housekeeping genes. Bars represent mean values ± SD from n = 3. Lines expressing the native GNE are displayed on the left side of the dotted line, while the ones harboring the mutated GNE are depicted on the right side.




Mass Spectrometric Determination of CMP-Neu5Ac in Lines Expressing the Complete Sialylation Pathway

Activation of the free sialic acid by addition of CMP is a prerequisite for later transfer to the N-glycan structure. Therefore, the four lines robustly expressing all six transgenes (GNC7, GMC5, GMC23, and GMC46) were tested regarding their ability to activate sialic acid by measuring the CMP-Neu5Ac content via mass spectrometry in negative ion mode. The expected [CMP-Neu5Ac - H]– at m/z 613.1 on MS1 level and the CMP-fragment ion [CMP - H]– at m/z 322.0 on MS2 level could be detected in all analyzed lines, confirming the presence of CMP-Neu5Ac exemplarily shown for GMC5 in Figure 5. Verification of CMP-Neu5Ac presence in the other lines as well as a measurement of a non-CMP-Neu5Ac producing line are depicted in Supplementary Figure 9. Peak area integration of the respective extracted ion chromatograms (EICs) corresponding to the m/z-value of 613.1 in comparison to the standard yielded in CMP-Neu5Ac amounts of only 2 nmol/g DW in line GNC7, in contrast to 14 nmol/g DW in the lines GMC23 and GMC46 and 58 nmol/g DW in the line GMC5. This confirmed the activity of the CMAS version used in moss leading to the production of activated sialic acid. Additionally, CMP-Neu5Ac-levels in GNE mutated lines were up to 25-fold higher than those in the native GNE-harboring line GNC7.
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FIGURE 5. Mass spectrometric detection of CMP-Neu5Ac in a moss extract (A) compared to the measurement of a CMP-Neu5Ac standard (B). Extracted ion chromatogram (EIC, m/z 613.1 ± 0.1) of LC-MS measured extract of line GMC5 (A) or 70 pmol of a CMP-Neu5Ac standard (B), respectively (upper panels). In both measurements, peaks corresponding to the [M-H]–-ion of CMP-Neu5Ac of m/z 613.1 could be detected on MS1 level (middle panels). Confirmation of corresponding MS1-peak identities (indicated by the black arrows) was performed on MS2 level via the identification of the [M-H]–-CMP-fragment ion of m/z 322.0 (lower panels). The additional peak in the MS2 spectrum of the moss extract compared to the measurement of the CMP-Neu5Ac standard is considered to originate from an unknown compound with a mass similar to the selected CMP-Neu5Ac parent ion. CMP-Neu5Ac-concentration in GMC5 was determined via peak area integration in comparison to defined standard values and resulted in 58 nmol/g DW.





CMP-Neu5Ac Triggers GNE Feedback Inhibition, Which Can Be Overcome by Mutating GNE

Due to the difference in CMP-Neu5Ac amounts between plants harboring the two different versions of GNE, sialic acid content of all four selected lines expressing the six sialylation pathway-related transgenes was quantified again via periodate resorcinol assay in comparison to their respective parental lines GNN2 and GM28 as well as the parental line P, expressing none of the sialic acid pathway genes. This analysis revealed that with the introduction of the second half of the sialylation pathway the Neu5Ac content declined over 60% in the native GNE-expressing line GNC7 compared to the GNN2 parental line (Figure 6), despite no changes of the GNE, NANS and NANP expression levels being detected (Figure 4). In contrast, in the three analyzed GMC lines 5, 23, and 46, expressing the mutated GNE-version, the sialic acid content remained stable compared to the GM28 parental line, while in the parental line P no sialic acid could be detected (Figure 6). The higher content of CMP-Neu5Ac in lines carrying the GNEmut in comparison to the native GNE containing line GNC7 indicates that the negative feedback of the activated sialic acid on the activity of GNE could be overcome with the two point mutations, which was previously described for CHO cells (Son et al., 2011). According to these results the GNE-mutated lines were chosen for further experiments.
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FIGURE 6. Colorimetric detection of total sialic acid content via periodate-resorcinol assay. Total sialic acid content was measured in protonema extracts of four lines expressing all six transgenes of the sialic acid pathway (GNC7, GMC5, GMC23, and GMC46, solid filled bars) and their respective parental lines GNN2 and GM28 (bars with pattern), both lacking the CMAS responsible for the activation of sialic acid. As negative control the parental line P, expressing none of the sialic acid pathway genes, was included. The lines expressing the native GNE are displayed in dark gray, while lines harboring the mutated GNE-version are depicted in light gray. Neu5Ac quantification was performed in comparison to a Neu5Ac standard. Extracts were measured in duplicates in serial dilutions ranging from 1:2 to 1:32 and SDs are given. Absorption was measured at 595 nm. FW, fresh weight.




Generation of N-Glycan Galactosylation by Introduction of the β1,4-Galactosyltransferase

After the introduction of the whole sialylation pathway, we aimed to provide terminal β1,4-linked galactoses for the anchoring of sialic acid to N-glycans. For this, a construct to simultaneously introduce the human β1,4-galactosyltransferase (GalT4) and to knock out the undesired activity of the endogenous β1,3-galactosyltransferase 1 (GalT3), responsible for the formation of Lea epitopes (Parsons et al., 2012), was generated. Moreover, as the glycosyltransferases in the Golgi apparatus should act in a sequential fashion, for appropriate localization of the GalT4 in the late plant Golgi apparatus (Bakker et al., 2006), a chimeric version of the enzyme was designed, bearing the CTS of the last acting enzyme in plant N-glycosylation, the α1,4-fucosyltransferase. This CTS region was N-terminally fused to the catalytic domain of the GalT4, resulting in the chimeric FT-CTS-GalT4 (FTGT). FTGT expression was driven by the long CaMV 35S promoter, which is according to Horstmann et al. (2004) four times stronger than the CaMV 35S promoter in Physcomitrella. Line GMC23, with a high expression level of all six genes introduced previously, with the GNEmut version, was transformed with the FTGT-encoding construct. After Zeocin selection, resulting lines were screened for homologous integration in the GalT3 locus, which resulted in four lines with targeted FTGT-construct integration (GMC_GT19, GMC_GT25, GMC_GT28 and GMC_GT80, Supplementary Figure 10). These four lines as well as the line GM28 as a negative control, were analyzed for the respective expression level via qRT-PCR. All FTGT construct-containing lines expressed the chimeric β1,4-galactosyltransferase strongly, much higher than the housekeeping genes EF1α and L21, whereas in GM28 no FTGT expression was detected (Figure 7).
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FIGURE 7. qRT-PCR based expression analysis of chimeric β1,4-galactosyltransferase (FTGT) relative to the expression of the internal housekeeping genes EF1α and L21. Expression levels of the FTGT were determined with a primer pair targeting the catalytic domain of the human GalT4 and normalized line internally against the expression levels of the two housekeeping genes EF1α and L21. The FTGT non-expressing line GM28 was used as a negative control. The relative expression levels are expressed as 2(–ΔCT), where ΔCT = CT transgene – CT housekeeping genes. Bars represent mean values ± SD from n = 3.




Mass Spectrometric Analysis of the N-Glycosylation Pattern of Complete Sialylation Lines

The efficiency of galactosylation and subsequent sialylation of N-glycans in the FTGT-expressing lines GMC_GT19, 25, 28, and 80, was assessed on glycopeptides of the stably co-expressed reporter protein via mass spectrometry. Evaluation of the N-glycosylation pattern was performed via integration of MS2-confirmed glycopeptide elution profiles on MS1 level. Our present glycopeptide analysis does not allow us to distinguish conformational isomers of N-glycans but enables us to make conclusions about their composition. For simplification in the description of the results, we present all possible isomers of an N-glycan combined under one structure, e.g., AM, MA or a mixture of both, are all displayed together as AM. The different glycan structures are depicted in Supplementary Table 3. The MS-analyses revealed that the investigated lines displayed a galactosylation efficiency between 45% and 60% within the analyzed glycopeptides (Figure 8), confirming the functional activity of the introduced chimeric FTGT variant. Among galactosylated glycopeptides, 80% corresponded to AM-structures. On average, 8% of the N-glycans were biantennary galactosylated (indicated by AA, Figure 8). Further, our data indicate that the degree of bigalactosylated peptides is higher in plants with lower expression level of the FTGT (Figures 7, 8). On glycopeptides harboring galactoses mass shifts of 132.0423 Da or 264.0846 Da were observed in up to 50% of all detected galactosylated N-glycans. This suggests the linkage of one or two pentoses to the newly introduced β1,4-linked galactoses (Figure 8 and Supplementary Figure 11). Non-galactosylated glycopeptides carried almost exclusively the complex-type GnGn glycoform. N-glycans bearing plant specific xylose, α1,3-linked fucose, Lea epitopes or the corresponding aglycons were not detected for any of the analyzed glycopeptides. Despite the fact that with the introduction of a β1,4-galactosyltransferase into a CMP-Neu5Ac-producing and CSAT and ST-expressing moss line all requirements for sialylation are addressed, in none of the MS-analyzed lines sialylation of N-glycans was detectable. A corresponding result was reported for N. benthamiana by Kittur et al. (2020).
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FIGURE 8. Mass spectrometric analysis of glycosylation patterns in GMC_GT lines. MS-based relative quantification of glycopeptides identified on the tryptically digested reporter glycoprotein of complete sialylation lines. Relative quantification was based on peak area integration of extracted ion chromatograms (EICs) on MS1 level, for which peak identities were confirmed on MS2 level. For quantification, areas of all confirmed peaks per measurement were summed up and the relative percentages are given for each identified glycan structure. The error bars indicate the standard deviation between the two detected glycopeptides. M, mannose; Gn, N-acetylglucosamine; A, galactose; (+P): indicates that a variable proportion of the corresponding N-glycan is decorated with pentoses.




RNAseq-Analysis Revealed the Drop of ST Expression After FTGT Introduction

To address the question why no sialic acid was attached to N-glycans in the GMC_GT lines harboring all genes necessary for sialylation, we analyzed the changes in gene expression in the line GMC_GT25, and its parental line GMC23, without the chimeric β1,4-galactosyltransferase. RNAseq analysis revealed that the introduction of FTGT led to a decrease of CMAS and CSAT expression of approximately 95% and nearly abolished the ST expression, whereas the expression levels of the first three pathway CDSs remained stable (Figure 9). Even if the reason for the striking drop in ST expression level could not be explained, we assume that this lack of expression is responsible for the absence of sialylation in the GMC_GT lines.
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FIGURE 9. RNAseq expression analysis. Expression levels of all seven pathway related heterologous sequences and the strongly expressed housekeeping gene EF1α in the lines GMC23 and GMC_GT25. Bars represent mean values ± SD from n = 3 biological replicates.




Lines Strongly Expressing the FTST Are Able to Perform Stable N-Glycan Sialylation

To overcome the absence of ST expression in GMC_GT25, the line was transformed with a chimeric ST version. In this variant, the original CTS of the rat ST was replaced by the CTS of the endogenous α1,4-fucosyltransferase already used for the FTGT, giving raise to the chimeric variant FTST. The integration of the FTST was targeted to the P4H2 locus, which is part of the plant-prolylhydroxylases family (Parsons et al., 2013). Plants surviving the hygromycin-based selection were analyzed for targeted construct integration within the P4H2 locus, which could be confirmed for eight GMC_GT_FTST lines (GMC_GT_FTST2, 12, 13, 24, 64, 69, 78, and 79; Supplementary Figure 12). Although these plants express several transgenes and display multiple modifications, no obvious impairment in growth could be assessed for protonema suspension cultures under standard cultivation conditions.

FTST expression was quantified via qRT-PCR in all GMC_GT_FTST lines with targeted genome integration. The used primers were targeted to the catalytic domain of the sialyltransferase, thus amplifying both ST variants. Therefore, the lines GMC_GT_FTST, carrying both the native and the chimeric ST were compared to both, their parental line GMC_GT25, poorly expressing the native ST version and the parental line P, expressing none of the sialic acid pathway genes. As previously detected, the GMC_GT25 displayed only a very weak ST expression, while six out of the eight tested GMC_GT_FTST lines strongly express the chimeric sialyltransferase, with higher expression levels than those of the strongly expressed housekeeping genes EF1α and L21, while in P no ST-expression could be detected (Figure 10).
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FIGURE 10. qRT-PCR based expression analysis of chimeric FTST variant relative to the expression of the internal housekeeping genes EF1α and L21. Expression level of the FTGT variant was determined with a primer pair targeting the catalytic domain of the rat ST. FTST-expression levels were normalized line internally against the expression levels of the two housekeeping genes EF1α and L21. The expression analysis was performed on eight candidate lines, the corresponding parental line GMC_GT25 and the parental line P, expressing none of the sialic acid pathway genes. The relative expression levels are expressed as 2(–ΔCT), where ΔCT = CT transgene – CT housekeeping genes. Bars represent mean values ± SD from n = 3.


To investigate FTST enzyme activity, three lines with FTST expression levels ranging from low to high (GMC_GT_FTST13, 64 and 78) were chosen for MS-based glycopeptide analysis. This analysis revealed that the galactosylation efficiency increased from 60% in the GMC_GT25 parental line to 85–89% in FTST expressing lines (Supplementary Figure 13). Moreover, a higher share of biantennary galactosylated N-glycans could be detected in all analyzed lines after the introduction of the FTST, increasing from 6.3% in GMC23_GT25 to, e.g., 33.7% in GMC_GT_FTST64 (Supplementary Figure 13). Further, in the two moderate and strong FTST expressing lines GMC_GT_FTST64 and 78 stable N-glycan sialylation could be confirmed, whereas in the weak-expressing line GMC_GT_FTST13 no N-glycan sialylation was detectable (Figure 11A and Supplementary Figure 13). This validates the activity of the introduced FTST variant. Verification of N-glycan sialylation was performed via the detection of defined glycopeptide m/z-ratios on MS1 level (Supplementary Figures 14–17 and Supplementary Table 2) as well as the detection of sialic acid reporter ions [Neu5Ac]+ with m/z 292.103 and [Neu5Ac - H2O]+ with m/z 274.092 and fragments of the corresponding peptide backbone on MS2 level (Figures 11B–D and Supplementary Figures 14–17). In GMC_GT_FTST78, the line with the highest FTST expression level, sialylation could be detected in all three analyzed glycopeptides (Figures 11B–D and Supplementary Figure 18). Altogether, sialic acid was linked to 6.3% of all detected glycopeptides, of which 6.0% were NaM, while the remaining 0.3% displayed NaGn structures. Further, 70.8% AM and 0.8% AGn structures were detected, but almost half of them were decorated with one or two pentoses. Interestingly, no pentoses were found when the N-glycans were sialylated. Biantennary galactosylation was present in 11.3% of the glycopeptides, but no sialylation of this structure could be detected. The glycosylation patterns for each analyzed N-glycosylation site are depicted in Supplementary Figure 18. GMC_GT_FTST64, the analyzed line with the intermediate FTST-expression level, displayed an overall sialylation efficiency of 1% NaM structures (Supplementary Figure 13), indicating that the efficiency of sialylation is dependent on the expression level of the sialyltransferase. These results verified the correct synthesis, localization and sequential activity of seven heterologous mammalian enzymes and confirmed that stable N-glycan sialylation is possible in moss.
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FIGURE 11. Mass spectrometric analysis of the glycosylation pattern in GMC_GT_FTST78 and MS2-based verification of sialylated glycopeptides. (A) MS-based relative quantification of glycopeptides identified on the tryptic digested reporter glycoprotein of the complete sialylation line GMC_GT_FTST78 with a chimeric sialytransferase. Relative quantification was based on peak area integration of extracted ion chromatograms (EICs) on MS1 level, for which glycopeptide identities were confirmed on MS2 level. For quantification, areas of all confirmed peaks per measurement were summed up and the relative percentages are given for each identified glycan structure. The error bars indicate the standard deviation between the three analyzed glycopeptides. (B–D) MS2-based verification of N-glycan sialylation on all three analyzed tryptic glycopeptides by the identification of N-acetylglucosamine (GlcNAc) and sialic acid (Neu5Ac) reporter ions with the following m/z-values: [GlcNAc]+ = 204.087, [GlcNAc - H2O]+ = 186.076, [GlcNAc - 2H2O]+ = 168.066, [GlcNAc - C2H4O2]+ = 144.065, [GlcNAc - CH6O3]+ = 138.055, [GlcNAc - C2H6O3]+ = 126.055), [Neu5Ac]+ = 292.103, [Neu5Ac - H2O]+ = 274.092 and the detection of the glycan fragment ion [GlcNAcHex]+ = 366.139. M, mannose (green circle); Gn, N-acetylglucosamine (blue square); A, galactose (yellow circle); Na, sialic acid (purple rhombos); Hex, hexose (yellow and green circle: stands for the presence of either mannose or galactose).





DISCUSSION

Since many therapeutics are sialylated glycoproteins, the ability to perform sialylation on complex-type N-glycans is highly required for biopharmaceutical production platforms. N-glycan sialylation plays an important role for the plasma half-life of glycoproteins, as it protects them from clearance (reviewed in Varki, 2008), which is highly favorable to achieve long lasting therapeutic effects.

To achieve N-glycan sialylation in Physcomitrella several challenges need to be addressed, namely the production of free sialic acid (Neu5Ac) from the precursor UDP-N-acetylglucosamine, which is also present in plants (Stanley et al., 2017), its activation to CMP-Neu5Ac, its transport to the Golgi apparatus and finally its transfer onto a β1,4-galactosylated N-glycan. This requires the coordinated activity of seven mammalian enzymes localized in three different plant subcellular compartments including nucleus, cytosol and Golgi apparatus. Stable integration of the respective genes was directed via gene targeting, which is a frequently used tool for genome engineering in Physcomitrella (e.g., Khraiwesh et al., 2010; Sakakibara et al., 2013; Decker et al., 2015; Horst et al., 2016; Wiedemann et al., 2018). These knock-in approaches were aimed for selection purposes or to avoid undesired plant-typical posttranslational modifications. The GNN construct was targeted to the APT locus, encoding adenine phosphoribosyltransferase. This enzyme is involved in the purine salvage pathway and recycles adenine into AMP, but can also recognize adenine analogs as substrates, which are toxic when metabolized (Schaff, 1994). Knock-out of the single gene coding for this enzyme in Physcomitrella results in resistance to adenine analogs as 2-fluoro adenine; an effect that has been employed as a marker for homologous recombination frequency (Trouiller et al., 2007; Kamisugi et al., 2012). We used this strategy to positively select GNN-transformed plants avoiding the introduction of an additional foreign gene for selection. The integration of the CCSB- and FTST-expression cassettes was targeted to the genes coding for the prolyl-4-hydroxylase 1 (P4H1) and the prolyl-4-hydroxylase 2 (P4H2), respectively, which are members of the plant P4H-family, responsible for hydroxylation of prolines in consensus sequences different to those recognized in humans (Parsons et al., 2013). Moreover, as hydroxyproline serves as anchor for plant-typical O-glycosylation, the formation of these structures should be avoided in biopharmaceuticals. Besides, the generation of the potential immunogenic Lea-epitope was abolished in Physcomitrella by targeting the FTGT-expression cassette to the gene encoding β1,3-galactosyltransferase 1. The knock-out of this gene lead to rEPO devoid of Lea structures without any obvious impact on the plant’s growth under production conditions (Parsons et al., 2012).

The production of free sialic acid was achieved in Physcomitrella by the simultaneous stable expression of the sequences encoding the first three cytosolic active enzymes of the sialic acid biosynthesis pathway: murine GNE, human NANS and human NANP, resulting in the production of Neu5Ac in 10 times higher amounts than previously reported for plants (Castilho et al., 2008). In A. thaliana and N. benthamiana, either stably or transiently transformed with GNE and NANS, endogenous activity of a putative plant NANP was sufficient for the synthesis of Neu5Ac (Castilho et al., 2008, 2010). However, our data indicate that in moss additional NANP expression led to higher Neu5Ac production.

As the full-length CMAS-CDS could not be amplified from human cDNA, a shorter version, where 120 bp at the 5′ end are missing (Castilho et al., 2008), was cloned and introduced in sialic acid-producing lines. Moss plants expressing the truncated version of CMAS were able to activate sialic acid, confirming its activity in Physcomitrella.

The activity of GNE, the first enzyme in the biosynthesis of sialic acid, is known to be inhibited by the CMAS product CMP-Neu5Ac (Kornfeld et al., 1964). Mutated versions of this enzyme (R263L and/or R266Q/R266W) were already used in N. benthamiana, insect and CHO cells to overcome this negative feedback and increase sialylation of recombinant proteins (Viswanathan et al., 2005; Bork et al., 2007; Son et al., 2011; Kallolimath et al., 2016). We expressed in moss the GNEmut version carrying the double mutation R263L, R266Q which was previously described to be more active in vitro than the single mutated versions (Son et al., 2011). Sialic acid-synthesizing moss plants carrying GNEmut produced similar amounts of sialic acid as plants expressing the native GNE-version, confirming that the R263L, R266Q mutations in the allosteric site of GNE do not affect the epimerase/kinase activities of the enzyme. In contrast to the native GNE-expressing lines, no decrease in the production of sialic acid was observed in GNEmut-expressing lines after the introduction of CMAS, revealing that the negative feed-back loop of GNE was successfully prevented in moss. Consequently, up to 25 times more CMP-Neu5Ac was achieved in moss plants expressing the GNEmut compared to lines with the native GNE.

The 2A peptide sequences derived from the Picornaviridae family are known to cause a ribosomal skipping event during the process of translation (Szymczak et al., 2004), resulting in isolated proteins from a single open reading frame. The ability of Physcomitrella to recognize the 2A peptide sequence from the foot-and-mouth disease virus has already been reported (Pan et al., 2015). We used the P2A sequence (Kim et al., 2011), originated from the porcine teschovirus-1, another virus belonging to this family, to separate the transgene of interest, in our case the chimeric β1,4-galactosyltransferase, from the ble resistance gene. This resulted in the synthesis of independent FTGT and the Bleomycin-resistance protein, verified by their corresponding enzymatic activities.

Different qualities and degrees of galactosylation have been reported so far after the introduction of a β1,4-galactosyltransferase in plants. Enzymes involved in N-glycosylation are localized in the ER and/or in the Golgi apparatus according to their sequential manner of action in the N-glycan maturation, and this localization is determined by their N-terminal CTS region (Saint-Jore-Dupas et al., 2006). Early incorporation of galactose into the maturing N-glycan before the action of mannosidase II leads to hybrid-type glycans (Schachter et al., 1983; Hesselink et al., 2014). Therefore, we aimed to target the β1,4-galactosyltransferase activity to the trans-Golgi apparatus by creating a chimeric enzyme consisting of the catalytic domain of the human β1,4-galactosyltransferase and the localization-determining CTS region of the moss endogenous α1,4-fucosyltransferase (FT4), which is the last enzyme known to act on the plant N-glycan maturation (Saint-Jore-Dupas et al., 2006). Lines expressing this synthetic GalT4 variant (FTGT) displayed up to 60% of galactosylation on the reporter glycopeptides. Mono- and biantennary galactosylated glycans were detected, up to 50% and 15%, respectively. In addition, in some of the galactosylated N-glycans the appearance of mass shifts corresponding to the molecular weight of one or two pentoses occurred, indicating that β1,4-galactosylated N-glycans were decorated with additional sugars of thus far unknown identity. The characterization of these residues remains a future task. A very similar galactosylation pattern, including the appearance of pentoses, was described by Kittur et al. (2020) on rEPO in transgenic N. tabacum lines expressing a chimeric GalT4 with the CTS region of the rat α2,6-sialyltransferase (STGT). Interestingly, in transgenic Δxt/ft N. benthamiana lines the same STGT variant led to predominantly bigalactosylated N-glycan structures on a transiently co-expressed antibody (Strasser et al., 2009). However, the extent of biantennary galactosylation also seems to depend on the investigated glycoprotein, as in contrast to the high galactosylation efficiencies obtained on antibodies, poor levels were achieved for other proteins in the same system (Kriechbaum et al., 2020). In this context, glycosylation might be influenced by the conformation of the target protein and the accessibility of the maturing glycan to the glycosyltransferases in the Golgi apparatus. Further, our results indicate that the expression level of the enzyme plays a role in the quality of galactosylation. Earlier studies performed in N. benthamiana suggested that there is an optimal GalT expression level and levels beyond it resulted in higher amounts of immature N-glycans (Kallolimath et al., 2018). This is in agreement with our results, since the amount of bigalactosylated N-glycans was higher in lines with a lower FTGT expression level. Therefore, an improvement of the glycosylation pattern toward a higher share of bigalactosylated N-glycan structures via modulation of promoter strength or number of inserted copies in stably transformed moss plants is a future task.

Achieving stable sialylation in Physcomitrella requires not just the correct subcellular localization and coordinated activity of seven mammalian enzymes involved in this process, but also their optimal expression levels to produce fully processed glycans with terminal sialic acid. Since the same promoter was used to express all of the transgenes, the differences in the expression levels observed between moss transgenic lines should mainly be determined by the number of constructs integrated into the genome or the loci of integration, respectively. The use of homologous flanks to target the integration in Physcomitrella do not always limit this recombination process to the intended locus alone. In contrast to transient systems, the process of plant selection according to the expression level of the gene of interest is a necessary step. According to RNAseq data, the introduction of the FTGT resulted additionally in a drop of CMAS and CSAT and a dramatically decrease of ST expression levels. It has been reported that during moss transfection rearrangements may appear, such as small deletions, insertions or concatenation of the constructs, which are characteristic of non-homologous end-joining or homologous recombination pathways (Kamisugi et al., 2006; Murén et al., 2009). These events might be an explanation for the marked decrease in the expression level of these genes, since some copies of the transgenes might be damaged by recombination events. However, we currently cannot explain why ST expression was especially affected.

To circumvent the loss of ST expression, we created and inserted the chimeric gene for FTST into the genome of the production line. The efficient expression of this chimeric ST variant led to stable sialylation of the recombinant human reporter glycoprotein. The observed structures were NaM and NaGn N-glycans, or their isomers, appearing on all analyzed glycopeptides. Furthermore, FTST expression led to an increased galactosylation efficiency from 60 up to 89% combined with an increase in the share of biantennary galactosylated N-glycans. Although the sialylation levels achieved in this study are still low (around 6.3%), this is an important step toward the production of sialylated, high-quality biopharmaceuticals in Physcomitrella. Different strategies need to be addressed to further optimize the expression levels of the genes involved in the sialylation pathway. It is also well known that culture conditions affect the glycosylation pattern in CHO cells, such as culture pH, temperature, media and supplements, operation mode of the bioreactor and feeding strategies (Hossler et al., 2009; Lewis et al., 2016; Wang et al., 2018; Ehret et al., 2019). Therefore, evaluating the influence of cell culture factors might be a further strategy to increase sialylation levels in Physcomitrella.

We established stable N-glycan sialylation in Physcomitrella by the introduction of seven mammalian enzymes, some of them as chimeric versions, resulting in a sialylated co-expressed human glycoprotein. This demonstrates the coordinated activity and correct subcellular localization of the corresponding enzymes within the cytosol, the nucleus and the Golgi apparatus. Stable expression of all transgenes involved in both the production of the reporter protein as well as the glycosylation, enables the complete characterization of the production line and ensures consistent product quality.

The now established ability of stably transformed Physcomitrella to sialylate proteins widens the range of N-glycosylation patterns attainable in this system considerably. This facilitates the customized production of recombinant biopharmaceuticals with various degrees of post-translational modifications to ensure maximal activity. This makes moss a versatile and attractive production system within the biopharmaceutical industry.
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Most membrane and secreted proteins are glycosylated on certain asparagine (N) residues in the endoplasmic reticulum (ER), which is crucial for their correct folding and function. Protein folding is a fundamentally inefficient and error-prone process that can be easily interfered by genetic mutations, stochastic cellular events, and environmental stresses. Because misfolded proteins not only lead to functional deficiency but also produce gain-of-function cellular toxicity, eukaryotic organisms have evolved highly conserved ER-mediated protein quality control (ERQC) mechanisms to monitor protein folding, retain and repair incompletely folded or misfolded proteins, or remove terminally misfolded proteins via a unique ER-associated degradation (ERAD) mechanism. A crucial event that terminates futile refolding attempts of a misfolded glycoprotein and diverts it into the ERAD pathway is executed by removal of certain terminal α1,2-mannose (Man) residues of their N-glycans. Earlier studies were centered around an ER-type α1,2-mannosidase that specifically cleaves the terminal α1,2Man residue from the B-branch of the three-branched N-linked Man9GlcNAc2 (GlcNAc for N-acetylglucosamine) glycan, but recent investigations revealed that the signal that marks a terminally misfolded glycoprotein for ERAD is an N-glycan with an exposed α1,6Man residue generated by members of a unique folding-sensitive α1,2-mannosidase family known as ER-degradation enhancing α-mannosidase-like proteins (EDEMs). This review provides a historical recount of major discoveries that led to our current understanding on the role of demannosylating N-glycans in sentencing irreparable misfolded glycoproteins into ERAD. It also discusses conserved and distinct features of the demannosylation processes of the ERAD systems of yeast, mammals, and plants.
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INTRODUCTION

Secretory and transmembrane proteins of eukaryotic organisms are synthesized on cytosolic ribosomes and enter the endoplasmic reticulum (ER) for their folding and maturation (Rapoport, 2007). Most of those nascent polypeptides are co-/post-translationally modified by asparagine-linked glycosylation (N-glycosylation) with three-branched Glc3Man9GlcNAc2 (Glc, Man, and GlcNAc denoting glucose, mannose, and N-acetylglucosamine, respectively) (Figure 1A). It has been well established that N-glycosylation is critical for attaining correct protein conformations by increasing thermodynamic stability, marking segments for surface exposure, and recruiting various lectins and their associated chaperones and folding catalysts (Helenius and Aebi, 2004; Wang et al., 2015). However, protein folding (especially for multi-spanning membrane proteins) is an inefficient and error-prone process that is constantly affected by genetic mutations, transcriptional and translational errors, stochastic cellular events, and a wide range of environmental stresses, resulting in accumulation of misfolded proteins in the ER. Misfolding a protein not only reduces its own activity but often exerts a dominant negative impact on its interacting proteins to augment its deleterious effect on cell physiology. Fortunately, eukaryotic organisms are equipped with a wide range of protein quality control mechanisms that recognize various folding defects, repair and refold misfolded proteins, and degrade irreparable misfolded proteins to maintain protein homeostasis of various cellular compartments (Ellgaard et al., 1999; Balchin et al., 2016).


[image: image]

FIGURE 1. The synthesis of N-glycan and its role in ERQC. (A) The structure of the three-branched Glc3Man9GlcNAc2. The inlet lists signs/shapes for different sugars and glycosidic linkages. Vertical arrows mark three different branches while the horizontal arrows indicate the cleavage sites of glucosidases and mannosidases. (B) The assembly of the N-glycan precursor starts at the cytosolic side of the ER membrane with addition of two GlcNAc residues to the membrane-anchored Dol-P linker followed by sequential attachment of the β1,4Man residue (catalyzed by ALG1), the α1,3Man/α1,6Man residues (by ALG2), and the two α1,2Man residues (by ALG11). The resulting Man5GlcNAc2-PP-Dol is flipped into the ER lumen where four additional Man residues are sequentially added from Dol-P-Man donor (catalyzed by ALG3, ALG9, ALG12, and ALG9) to generate Man9GlcNAc2-PP-Dol. ALG6, ALG8, and ALG10 catalyze the sequential addition of three Glc residues to form Glc3Man9GlcNAc2 that is en bloc transferred by OST onto certain Asn residues of nascent polypeptides. Immediately after the transfer, GI and GII rapidly remove the terminal and middle Glc residues to generate GlcMan9GlcNAc2. This N-glycan is recognized and bound by CNX/CRT that recruit additional chaperones and folding catalysts to assist the folding of those monoglucosylated glycoproteins. The removal of the last Glc residue by GII releases the glycoproteins from CNX/CRT. A correctly folded glycoprotein is demannosylated on the B-branch by Mns1/ERManI while trafficking to the Golgi apparatus whereas a misfolded/incompletely folded glycoprotein is recognized/bound by UGGT that adds back a Glc residue to regenerate GlcMan9GlcNAc2, forcing its reassociation with CNX/CRT for refolding. If a misfolded glycoprotein stays in the ER too long for engaging multiple futile refolding attempts, its N-glycans are slowly demannosylated by Mns1/ERManI and members of the Htm1/EDEM family (likely forming a disulfide bridged complex with members of the PDI family), generating N-glycans with an exposed α1,6Man residue. The ERAD lectin (OS-9/Yos9/EBS6) recognizes/binds α1,6Man-exposed N-glycans and works together with Hrd3/Sel1L/EBS5, which binds surface-exposed hydrophobic residues, to bring an irreparable misfolded glycoprotein onto the ER membrane-anchored ERAD complex containing a ubiquitin ligase (such as Hrd1) and its accessary factors. This complex not only ubiquitinates but also retrotranslocates a committed ERAD client that is subsequently escorted into the cytosolic proteasome for its complete degradation.


One of the best studied protein quality control mechanisms is the ER protein quality control (ERQC) system that relies on protein N-glycosylation to monitor protein folding status, retain incompletely folded and misfolded glycoproteins in the ER, repair folding defects, and/or retrotranslocate irreparable misfolded proteins into the cytosol for proteasome-mediated proteolysis (Xu and Ng, 2015). This unique degradation process is widely known as ER-associated degradation (ERAD) that is highly conserved in eukaryotic organisms from yeast to plants and human (Stevenson et al., 2016; Berner et al., 2018; Strasser, 2018). The pathway consists of 4 interdependent steps: client recognition and recruitment, ubiquitination, retrotranslocation, and delivery to the cytosolic proteosome for proteolysis. Recent studies have shown that the ERAD machinery builds around several E3 ubiquitin ligases (with each being responsible for a subset of ERAD clients carrying structural defects in their cytosolic, transmembrane, or luminal domains) and contains client recruitment factors and proteins involved in retrotranslocation and substrate delivery to the 26S proteasome.

Given the high energy costs of protein synthesis (Buttgereit and Brand, 1995), eukaryotic cells prioritize repair/refolding over protein degradation. However, continuous futile refolding attempts would titrate away chaperones and folding catalysts that are needed to fold newly synthesized proteins that continuously enter into the ER, potentially reducing the ER folding capacity, increasing ER accumulation of misfolded and incompletely folded proteins, and disrupting ER proteostasis. Thus, eukaryotic cells have to make a crucial life-or-death decision to terminate futile folding attempts and to deliver those irreparable misfolded glycoproteins into the ERAD pathway. It is believed that a terminally misfolded protein is extracted from its futile folding cycles via slow actions of several highly conserved α1,2-mannosidases, which remove key terminal α1,2Man residues of N-glycans on the misfolded protein with a prolonged ER residence. Such a theory was widely known as the “mannose/mannosidase timer” hypothesis that was initially proposed in 1994 (Helenius, 1994). It was previously thought that removing the terminal α1,2Man residue of the B-branch of Man9GlcNAc2 glycans by the ER-type α1,2-mannosidase marks a terminally misfolded protein for degradation. However, further studies have shown that although the α1,2Man-trimming of the B-branch of N-glycans on misfolded glycoproteins is a necessary step, the actual N-glycan ERAD signal is created by the cleavage of the α1,2Man-α1,6Man linkage of the C-branch to expose the hidden α1,6Man residue that can be subsequently recognized and bound by a highly conserved ERAD lectin, known as OS-9 for osteosarcoma amplified 9 in mammalian cells and Yos9 (yeast homolog of OS-9) in yeast (Figure 1). OS-9/Yos9 works together with Sel1L/Hrd3 (Suppressor of lin-12-Like 1 in mammals and its homolog HMG-CoA reductase degradation 3 in yeast, respectively), which recognizes surface-exposed hydrophobic residues, to take the misfolded glycoprotein to the ER membrane-anchored ERAD complex for its ubiquitination, retrotranslocation, and cytosolic delivery to the 26S proteosome for complete proteolysis (Figure 1). In the past 27 years since the initial revelation of a potential role of Man-trimming in glycoprotein degradation (Su et al., 1993), many studies were directed toward understanding the biochemical functions of the Man-trimming reactions and identifying mannosidases that cleave terminal α1,2Man residues in a branch-specific manner. Because most ERAD studies, especially those on the role of N-glycan demannosylation in ERAD, were performed in yeast (Saccharomyces cerevisiae) and cultured mammalian cells, we attempt to provide plant biologists a historical review on the major discoveries that have progressively enhanced our understanding of a key event of the ERQC mechanism to tip the balance of repair/refolding-removal/degradation of misfolded glycoproteins. Our review also discusses the research progress of the plant ERAD study in comparison with experiments performed in the yeast and mammalian cell cultures. Before we survey the relevant literature on the Man-trimming reactions, we first briefly discuss N-glycosylation and one unique glycoprotein folding process known as the calnexin/calreticulin (CNX/CRT) cycle.



N-GLYCOSYLATION IN THE ER

The N-glycosylation is one of the most common protein post-translational modifications, and more than 70% of secretory/transmembrane proteins in human cells are N-glycosylated after they enter into the ER. N-glycosylation is initiated by a single-step en bloc transfer of a preassembled Glc3Man9GlcNAc2 from its lipid carrier dolichyl pyrophosphate (Dol-PP) to select asparagine (Asn or N) residues within the Asn-X-Ser/Thr sequon (X indicating any amino acid except proline while Ser/Thr denoting serine/threonine residue) of a nascent polypeptide. This transfer reaction is catalyzed by a multisubunit enzyme complex known as oligosaccharide transferase (OST) (Strasser, 2016; Harada et al., 2019) (Figure 1). The assembly of the three-branched Dol-PP-Glc3Man9GlcNAc2 is a highly conserved pathway involving two topologically distinct sets of glycosyltransfer reactions on both sides of the ER membrane catalyzed sequentially by highly specific glycosyltransferases (Figure 1) (Schachter, 2014; Stanley et al., 2015). On the cytosolic side, an enzyme complex, which consists of Asparagine-Linked Glycosylation 7 (ALG7), ALG13, and ALG14, adds two GlcNAc residues from uridine diphosphate (UDP)-GlcNAc to the membrane-embedded Dol-P linker to make Dol-PP-GlcNAc2 (Elbein, 1987; Lu et al., 2012). It is important to note that ALG7 is the target of tunicamycin that is commonly used to induce protein misfolding and ER stress (Heifetz et al., 1979; Yoo et al., 2018). Subsequently, ALG1 (β1,4-mannosyltransferase), ALG2 (a dual-function α1,3/α1,6-mannosyltransferase) and ALG11 (α1,2-mannosyltransferase) sequentially add five mannose residues to generate Dol-PP-Man5GlcNAc2 (Couto et al., 1984; O’Reilly et al., 2006) (Figure 1). The resulting Dol-PP-glycan is flipped over into the ER lumen, catalyzed by a yet unknown “flippase” that is genetically linked to the yeast Rtf1 locus (Helenius et al., 2002). The second set of the glycosyltransfer reactions occurs on the luminal side of the ER membrane where 4 additional Man residues are added, catalyzed sequentially by ALG3 (α1,3 mannosyltransferase), ALG9 (α1,2 mannosyltransferase), ALG12 (α1,6 mannosyltransferase), and ALG9 to form Dol-PP-Man9GlcNAc2 (Aebi et al., 1996; Burda et al., 1996, 1999; Frank and Aebi, 2005) (Figure 1). Three Glc residues are then added to the terminal α1,2-Man residue of the A branch via the three glucosyltransferases (ALG6, ALG8, and ALG10) to generate the final assembly product Dol-PP-Glc3Man9GlcNAc2 (Stagljar et al., 1994; Reiss et al., 1996; Burda and Aebi, 1998; Burda et al., 1999). It should be noted that ALG3/ALG9/ALG12 and ALG6/ALG8/ALG12 use Dol-P-Man and Dol-P-Glc as the sugar donors for their glycosyltransferase reactions, respectively. The assembly process of Glc3Man9GlcNAc2 on the Dol-P linker and its en bloc transfer to nascent polypeptides are conserved in mammals and plants (Strasser, 2016).



THE CNX/CRT CYCLE FOR REFOLDING

Immediately after transferring Glc3Man9GlcNAc2 to an Asn residue of a nascent polypeptide, the terminal and middle Glc residues are removed sequentially by glucosidase I (GI or GCS1) and glucosidase II (GII) (D’Alessio et al., 2010) (Figure 1). The resulting N-glycan, GlcMan9GlcNAc2, is recognized by two ER chaperone-like lectins, a membrane-anchored CNX and its ER luminal homolog CRT (Caramelo and Parodi, 2008). The high-specificity and high-affinity binding between GlcMan9GlcNAc2 and CNX/CRT is crucial for folding a nascent polypeptide as CNX/CRT recruit other ER-chaperones and folding catalysts, including binding immunoglobulin protein (BIP), an ER-localized member of heat shock protein 70 (HSP70) family (Hendershot et al., 1994) and its cochaperones, and protein disulfide isomerases (PDIs) essential for forming inter/intra-molecular disulfide bonds (Kozlov et al., 2010). The chaperone-assisted protein folding is terminated upon removal of the remaining Glc residue by GII, releasing a folded glycoprotein from CNX/CRT (Caramelo and Parodi, 2008). If a glycoprotein folds correctly, it is transported out of the ER to continue its secretory journey. However, if the protein fails to attain its native conformation, it is recognized by UDP glucose:glycoprotein glucosyltransferase (UGGT), an ER-resident protein serving a crucial quality control checkpoint function for thousands of glycoproteins (D’Alessio et al., 2010). UGGT has two functional domains: a large N-terminal domain involved in recognizing misfolded clients via a structurally flexible long arc of 4 thioredoxin-like (TRXL) domains and a smaller highly conserved but structurally rigid C-terminal catalytic domain capable of catalyzing the glucosyltransferase reaction using UDP-Glc as a substrate (D’Alessio et al., 2010; Calles-Garcia et al., 2017; Roversi et al., 2017; Satoh et al., 2017). As a result of the UGGT-catalyzed reglucosylation, the misfolded glycoprotein reassociates with CNX/CRT for another round of chaperone-assisted folding. The alternate reactions of GII and UGGT drive cycles of dissociation and reassociation of a misfolded glycoprotein with CNX/CRT for repeated folding attempts, which is widely known as the CNX/CRT cycle (Hammond et al., 1994), until the glycoprotein acquires its native conformation (Figure 1). However, if the glycoprotein fails to fold correctly within a given time window, it is extracted from the CNX/CRT cycle and diverted into the ERAD pathway for the cytosolic proteasome-mediated proteolysis (Vembar and Brodsky, 2008). Thus, the GII/UGGT-driven CNX/CRT cycle not only helps certain glycoproteins to acquire their native conformations but also provides an ERQC mechanism to recognize, retain/refold, or remove misfolded glycoproteins. Mutation in a mouse UGGT resulted in embryo lethality likely caused by misfolding of some proteins essential for embryogenesis (Molinari et al., 2005). Similarly, mutations of the Arabidopsis UGGT, also known as EBS1 for EMS-mutagenized bri1 suppressor (Jin et al., 2007), result in misfolding and subsequent ERAD of several plant immunity receptors (Li et al., 2009; Saijo et al., 2009; Zhang et al., 2015) but also permit the plasma membrane-localization of bri1-9, an ER-retained, misfolded variant of the plant growth receptor Brassinosteroid-Insensitive 1 (BRI1) (Jin et al., 2007). The Arabidopsis studies provide excellent genetic support for a role of the GII/UGGT-driven CNX/CRT cycle in the folding and quality control of glycoproteins (Liu and Li, 2014).



IMPORTANCE OF MANNOSE-TRIMMING IN ERAD

What could be the mechanism that terminates the futile folding cycles of an irreparable misfolded glycoprotein to force it into the ERAD pathway? The initial discovery that suggested the importance of N-glycan demannosylation in promoting degradation of misfolded glycoproteins came from a mammalian cell culture study showing suppressed degradation of a yeast glycoprotein expressed in cultured mammalian cells by deoxymannojirimycin (dMM) (Su et al., 1993), a known inhibitor of α1,2-mannosidase activity (Elbein, 1987). This mammalian study was confirmed several years later by yeast genetic studies (Knop et al., 1996; Jakob et al., 1998), which demonstrated that deleting the yeast Mns1 gene, encoding the yeast ER mannosidase I (Camirand et al., 1991), resulted in a reduced degradation of a model yeast ERAD substrate CPY∗, an ER-retained mutant variant of the yeast vacuolar carboxypeptidase Y (Finger et al., 1993). Importantly, analyses of degradation rates of CPY∗ carrying defined N-glycan structures in various yeast mutants (Man6GlcNAc2 in Δalg9, Man7GlcNAc2 in Δalg12, and the Man8GlcNAc2 isoform B lacking the terminal α1,2Man residue of the B-branch in both wild-type and Δalg6, and Man9GlcNAc2 in Δmns1) suggested that the Mns1-mediated Man-trimming of the B-branch of Man9GlcNAc2 is important for CPY∗ degradation in yeast cells (Jakob et al., 1998). These results led to the “mannose/mannosidase timer” theory (Helenius, 1994; Helenius and Aebi, 2004), hypothesizing that slow action of Mns1 (converting Man9 to Man8B) allows folding intermediates and misfolded glycoproteins to acquire their native conformations without being rushed into the ERAD pathway but removes the B-branch terminal α1,2Man residue of misfolded glycoproteins that stay in the ER for too long engaging hopeless refolding attempts.

Confirmation of the importance of Man-trimming reactions in the mammalian ERAD pathway came years later when many research laboratories (reviewed in Cabral et al., 2001) reported suppressed degradation of a variety of ERAD substrates by dMM and kifunensine (Kif), another widely used inhibitor of α1,2-mannosidases (Elbein et al., 1990), thus extending the “mannosidase timer” hypothesis to the mammalian ERAD mechanism. The major caveat of the model was that it failed to explain how the mammalian ERQC system could differentiate misfolded glycoproteins from their correctly folded conformers that carry the exact same Man8B N-glycan known to interact with a well-studied cargo receptor ERGIC53, an ER Golgi intermediate compartment 53-kD protein (Hauri et al., 2000), for their transport into the Golgi apparatus where the remaining α1,2Man residues are sequentially removed by three Golgi-localized α1,2-mannosidases (Moremen et al., 2012). It was subsequently thought that extracting terminally misfolded glycoproteins from the CNX/CRT cycle to force them into the ERAD machinery might involve additional demannosylation steps or require specific ERAD lectin(s) that can recognize both the Man8B glycan and the folding status of a misfolded glycoprotein.

Indeed, further mammalian cell culture studies revealed the presence of Man5–7GlcNAc2 N-glycans on several mammalian ERAD substrates (reviewed in Lederkremer and Glickman, 2005). More importantly, studies using N-glycosylation defective Chinese hamster ovary (CHO) mutant cell lines, in which glycoproteins were N-glycosylated with Glc3Man5GlcNAc2 (Villers et al., 1994) or Man5GlcNAc2 (Ermonval et al., 1997) lacking both the B- and C-branches, demonstrated that ERAD of misfolded glycoproteins could still be suppressed by treatment with α1,2-mannosidase inhibitors (Ermonval et al., 2001; Foulquier et al., 2004). These results suggested that demannosylation beyond the B and C-branch might be required in the mammalian ERAD pathway. It was thought that the Man-trimming of the A-branch prevents the UGGT-catalyzed reglucosylation because the A-branch terminal α1,2Man residue is the Glc-acceptor, thus prohibiting an incompletely folded or misfolded glycoprotein to reenter the CNX/CRT cycle for additional folding cycle and effectively forcing its entry into the ERAD pathway (Lederkremer and Glickman, 2005). Such an explanation was supported by later studies showing that genetic and pharmacological manipulation of the CNX/CRT cycle could alter ERAD of misfolded glycoproteins (Molinari et al., 2003; Oda et al., 2003). It is important to note that extensive demannosylation of N-glycans of misfolded glycoproteins was not detected in yeast, which seems to be consistent with the fact that the budding yeast (Saccharomyces cerevisiae) lacks UGGT and the CNX/CRT cycle (D’Alessio et al., 2010) and therefore has no need to demannosylate the A-branch of N-glycans of irreparable misfolded glycoproteins.

The first indication of a role of Man-trimming in a plant ERAD process was reported in 2001 by a study that investigated degradation of the catalytic A subunit RTA (ricin toxin A subunit) of the ribosome-inactivating cytotoxin ricin when it was expressed in tobacco protoplasts (Di Cola et al., 2001). Ricin is normally produced as a heterodimeric glycoprotein consisting of RTA disulfide bridged with RTB (ricin toxin B subunit) in the seeds of the castor oil plant Ricinus communis, and a heterologously expressed RTA without RTB was known to be degraded rapidly via a plant ERAD mechanism (Di Cola et al., 2005). Later studies in Arabidopsis confirmed that exogenous Kif application blocked degradation of at least two ER-retained mutant variants of BRI1, bri1-5 and bri1-9, and a misfolded plant innate immunity receptor, providing additional support for a role of N-glycan demannosylation in a plant ERAD process (Hong et al., 2008, 2009; Liebminger et al., 2009; Nekrasov et al., 2009). The Arabidopsis has the GII/UGGT-driven CNX/CRT cycle critical for protein folding and quality control of misfolded glycoproteins (Liu and Li, 2014), but it remains unknown if ERAD of plant glycoproteins involves extensive demannosylation of their N-glycans. It is interesting to note that N-glycan analysis of an engineered plant ERAD substrate transiently expressed in tobacco leaves revealed the presence of monoglucosylated N-glycans with an exposed α1,6Man residue, suggesting that trimming the A-branch terminal α1,2Man residue might be needed to extract a terminally misfolded glycoprotein from the CNX/CRT cycle to force its entry into the ERAD process (Hüttner et al., 2014a). It is also possible that the end-of-life decision of the plant ERQC system might be determined by competition between CNX/CRT and OS9 for binding to glycoproteins carrying N-glycans with both refolding and ERAD signals.



TWO FAMILIES OF POTENTIAL ERAD LECTINS THAT BIND THE MAN-TRIMMED N-GLYCANS

The theory of a Man-trimmed N-glycan ERAD signal for both yeast and mammalian ERAD pathways prompted intensive searches for ERAD lectins that might recognize the Man8B glycan on misfolded glycoproteins, leading to discovery of two families of proteins (Kanehara et al., 2007). The first one comprises members of the class 1 α-mannosidase family, including yeast Htm1 (homologous to mannosidase 1), mammalian EDEM1-3 (ER degradation-enhancing α-mannosidase-like protein1-3), and Arabidopsis MNS4 and MNS5 (Hüttner et al., 2014b), while the second one is the Yos9/OS-9 family. Both the yeast Htm1 (also known as Mnl1 for mannosidase-like protein) (Hosokawa et al., 2001; Nakatsukasa et al., 2001) and mammalian EDEMs share sequence similarity with yeast Mns1 (α1,2-mannosidase 1) and mammalian ERManI (ER class I α-mannosidase) but lack a cysteine pair (Cys340–Cys385 in Mns1) that was previously thought to be essential for the yeast Mns1 mannosidase activity (Lipari and Herscovics, 1996). The lack of this conserved cysteine-pair plus all failed initial attempts to demonstrate in vitro α1,2-mannosidase activities of Htm1/EDEMs toward free oligosaccharides led to an earlier consensus in the ERAD research field that Htm1/EDEMs were inactive mannosidases that could function as the Man8B-binding lectins (Hosokawa et al., 2001; Jakob et al., 2001; Nakatsukasa et al., 2001; Mast et al., 2005). Consistent with this hypothesis, a Δhtm1 mutation or RNAi-mediated silencing of EDEM1 inhibited degradation of glycosylated but not non-glycosylated ERAD substrates (Jakob et al., 2001; Nakatsukasa et al., 2001; Molinari et al., 2003), whereas overexpression of Htm1/EDEMs accelerated degradation of glycosylated ERAD clients but had little impact on their non-glycosylated variants (Hosokawa et al., 2001; Molinari et al., 2003; Oda et al., 2003; Mast et al., 2005; Olivari et al., 2005; Hirao et al., 2006). The two EDEM1 studies in 2003 not only demonstrated an interaction of EDEM1 with CNX but also provided strong evidence that EDEM1 enhanced ERAD by extracting misfolded glycoproteins from the CNX/CRT cycle. Overexpression of CNX or inhibition of GII (prolonging the glycoprotein-CNX association) suppressed ERAD, whereas genetic and pharmacological inhibition of the initial creation of GlcMan9GlcNAc2 N-glycan nullified the stimulatory impact of EDEM1 on ERAD of misfolded glycoproteins (Molinari et al., 2003; Oda et al., 2003). Together, these early Htm1/EDEM studies strongly suggested that Htm1/EDEMs could function as ERAD lectins that compete effectively with CNX/CRT to control the repair/refolding-removal/degradation balance of misfolded glycoproteins. It should be noted that although many early studies demonstrated binding of EDEMs with misfolded glycoproteins, no published study had shown that EDEMs interacted with their clients via a glycan-dependent manner except the Hosokawa et al. (2001) study that revealed a slightly stronger EDEM1 binding affinity with its clients carrying the Man8B-glycan than Man9-carrying clients (Hosokawa et al., 2001). In addition to EDEM1, mammalian cells have two other members of the Htm1/EDEM family, EDEM2 and EDEM3, which also stimulated ERAD of glycosylated substrates but not their non-glycosylated variants when overexpressed in cultured mammalian cells (Mast et al., 2005; Olivari et al., 2005; Hirao et al., 2006). Despite strong evidence for the involvement of Htm1/EDEMs in ERAD, the direct experimental support for their suspected lectin function was extremely weak.

The other candidate for an ERAD lectin is Yos9/OS-9 that contain a Man-6-phosphate (Man-6-P) receptor homology (MRH) domain previously implicated in sugar binding. This domain was found to be present in several well studied proteins/enzymes (Munro, 2001), including the γ-subunit of GlcNAc-1-phosphotransferase that generates Man-6-P on lysosomal enzymes whose sorting from the trans-Golgi-network to lysosomes is mediated by recognition of the Man-6-P signal (Bao et al., 1996) and the β-subunit of GII involved in removing the 2nd and 3rd Glc residue of the Glc3Man9GlcNAc2 N-glycan (Trombetta et al., 1996). The mammalian OS-9 (exhibiting ∼15% sequence identity with Yos9) was initially discovered in 1994 as one of the functionally unknown proteins whose genes were amplified in osteosarcoma (Su et al., 1994) and has a mammalian homolog (with ∼23% sequence identity) known as Erlectin or XTP3-B (XTP3-transactivated gene B) (Cruciat et al., 2006). However, the genetic link of Yos9/OS-9 to ERAD was made 10 years later by a genome-wide screen for yeast deletion mutants defective in ERAD (Buschhorn et al., 2004). This study revealed that a deletion mutation of Yos9 inhibited ERAD of CPY∗ but had little impact on the degradation of its non-glycosylated variant. More importantly, it was shown that the Δyos9 Δhtm1 double deletion had a more or less similar inhibitory impact on CPY∗ ERAD compared to Δyos9 or Δhtm1 single mutations, implying that Yos9 and Htm1 work in the same biochemical pathway for degrading CPY∗ in yeast cells. The essential role of Yos9 in the yeast ERAD process was confirmed by three independent studies (Bhamidipati et al., 2005; Kim et al., 2005; Szathmary et al., 2005) and Yos9 was later found to be a component of the yeast ERAD complex containing the ubiquitin ligase Hrd1 (HMG-CoA reductase degradation 1) (Carvalho et al., 2006; Denic et al., 2006; Gauss et al., 2006). The Szathmary et al. (2005) study demonstrated that Yos9 only interacted with CPY∗ in wild-type (the predominant N-glycan of CPY∗ being Man8GlcNAc2) or Δalg3 yeast cells (with ER-localized proteins glycosylated with Man5GlcNAc2 lacking both B and C branches) but not in yeast cells of Δalg9, Δalg12, and Δmns1 (ER-localized proteins glycosylated with Man6GlcNAc2, Man7GlcNAc2, and Man9GlcNAc2, respectively), providing a strong support for Yos9 being an ERAD lectin capable of recognizing and binding Man8B and Man5GlcNAc2 N-glycans. While the Yos9-Man8GlcNAc2 binding was expected, the Yos9-Man5GlcNAc2 interaction was really intriguing at the time. More importantly, this study showed that Δhtm1 significantly reduced the Yos9-CPY∗ interaction, confirming that Htm1 works together with Yos9 to recognize a misfolded glycoprotein for ERAD. It is interesting to note that N-glycan analysis of CPY∗ of the Szathmary et al. (2005) study revealed the presence of a small percentage of Man7GlcNAc2-glycan on the CPY∗ in wild-type yeast cells. If the researchers had compared the N-glycan profiles of CPY∗ between wild-type and Δhtm1 yeast cells, they would have obtained the first genetic evidence for Htm1 being an active α1,2-mannosidase that further demannosylates Man8GlcNAc2 to generate Man7GlcNAc2 that can be subsequently recognized by Yos9.

Unlike Yos9 whose protein sequence hints at a localization in the ER, mammalian OS-9 was predicted to have an N-terminal signal peptide without the H/KDEL ER-retrieval motif and was initially thought to be localized on the cytosolic side of the ER membrane, leading to earlier confusions about its biochemical functions (Litovchick et al., 2002; Baek et al., 2005). By contrast, its homolog XTP3-B, which carries an N-terminal signal peptide plus two MRH domains but also lacks the H/KDEL ER retrieval motif, was found to be localized in the ER lumen and was initially implicated in regulating glycoprotein trafficking in an MRH domain-dependent manner, providing the first support of mammalian OS-9/XTP3-B being an ER lectin (Cruciat et al., 2006). A role of OS-9/XTP3-B in ERAD was demonstrated in 2008 when several studies (Bernasconi et al., 2008; Christianson et al., 2008; Hosokawa et al., 2008; Mueller et al., 2008; Alcock and Swanton, 2009) reported that OS-9/XTP3-B is a component of a mammalian membrane-bound ERAD complex that contains HRD1 and Sel1L, the mammalian homologs of yeast Hrd1 and Hrd3, respectively (Lilley and Ploegh, 2005). However, mutational analyses initially suggested that the MRH domain was not directly involved in binding misfolded glycoproteins (Bernasconi et al., 2008; Christianson et al., 2008), which was likely masked by the chaperone activity of OS-9/XTP3-B, but was essential for binding Sel1L (Cormier et al., 2009). However, a later study showed that a mutant OS-9 variant carrying the Arg188-Ala lectin mutation in its MRH domain could still bind Sel1L (Hosokawa et al., 2009).

The presence of an OS-9/Yos9 homolog in Arabidopsis was initially reported in 2001 (Munro, 2001), and its corresponding gene was later discovered to be an ER stress-induced gene in a 2003 transcriptomic study (Martinez and Chrispeels, 2003). Similar to its mammalian homologs, the Arabidopsis OS9 also lacks the H/KDEL ER retrieval motif and its ER localization likely depends on its interaction with EBS5, the Arabidopsis homolog of the yeast Hrd3/mammalian Sel1L (Liu et al., 2011; Su et al., 2011). Its role as an important ERAD component was confirmed through forward and reverse genetic approaches (Hüttner et al., 2012; Su et al., 2012). Loss-of-function mutations in AtOS9, which is the Arabidopsis thaliana homolog of OS-9 (Hüttner et al., 2012) and is also known as EBS6 (Su et al., 2012), inhibit ERAD of bri1-5 and bri1-9, leading to their accumulation in the ER and their consequential leakage to the plasma membrane where the two mutant BR receptors can initiate the plant steroid signaling to promote plant growth. Importantly, the interaction of AtOS9/EBS6 with its ERAD clients was shown to be dependent on its MRH domain and Man-trimming of its glycosylated client (Hüttner et al., 2012). A later study revealed that AtOS9/EBS6 could be co-immunoprecipitated with a misfolded mutant variant of the STRUBBELIG (SUB) extracellular domain carrying a Cys57-Tyr mutation (SUBEX-C57Y) via a glycan-independent manner (Hüttner et al., 2014a); however, such a glycan-independent AtOS9/EBS6-substrate binding could be mediated by EBS5 known to interact with both ERAD substrates and AtOS9/EBS6. Together, the studies performed in yeast, cultured mammalian cells, and Arabidopsis strongly suggested that Yos9/OS9/AtOS9 are better candidates for the suspected ERAD lectins that binds committed ERAD clients in a MRH/N-glycan dependent manner.


AN α1,6Man-EXPOSED N-GLYCAN AS THE ERAD SIGNAL

Further support for OS-9/Yos9 being a bona fide ERAD lectin came from biochemical studies that directly quantified the sugar binding of OS-9/Yos9 by flow cytometry and/or frontal affinity chromatography (FAC). While the flow cytometry analyzes the fluorescent intensity of cultured mammalian cells (displaying different cell surface glycans) stained with fluorescence-decorated OS-9/XTP3-B (directly or indirectly through fluorescently labeled antibodies), the FAC-based assay measures the relative elution volume of a fluorescent-labeled oligosaccharide of defined structures (compared to a control oligosaccharide) from a lectin-immobilized column (Tateno et al., 2007). The application of these two techniques revealed that the recombinant MRH domains of Yos9 or OS-9/XTP3-B (the 2nd MRH domain in XTP3-B) exhibited high affinity binding with high Man-type glycans containing exposed α1,6Man residue but no binding at all with Glc0–1Man8GlcNAc2 that was previously thought to be the marking signal for ERAD (Quan et al., 2008; Hosokawa et al., 2009; Mikami et al., 2010; Yamaguchi et al., 2010). Importantly, mutating a conserved Arg residue (Arg188 in OS-9, Arg428 in XTP3-B, and Arg200 in Yos9) of the MRH domain greatly diminished the binding of a recombinant MRH domain with the α1,6Man-exposed glycans (Quan et al., 2008; Hosokawa et al., 2009; Mikami et al., 2010; Yamaguchi et al., 2010). These results were consistent with earlier findings that mutations in ALG9 or ALG12 blocked the ERAD of CPY∗ in yeast because Δalg9 or Δalg12 mutation prevents addition of an α1,6Man residue during the assembly of the Dol-PP-Glc3Man9GlcNAc2 (Figure 1) and provided a satisfactory explanation for a previous intriguing finding that Yos9 interacted with CPY∗ carrying Man5GlcNAc2 N-glycans in the yeast Δalg3 mutant (Szathmary et al., 2005). These in vitro MRH-oligosaccharide binding assays prompted in vivo testing of the newly discovered ERAD N-glycan signal. This was demonstrated beautifully in yeast cells by two genetic approaches: eliminating ALG3 that initiates the ER luminal addition of 4 Man residues and overexpressing ALG12 in a Δalg9 mutant. While Δalg9 mutation blocked CPY∗ degradation, ALG12 overexpression in the Δalg9 mutant cells resulted in ∼50% degradation of CPY∗, which is consistent with the ratio of Dol-PP-Man6GlcNAc2 and Dol-PP-Man7GlcNAc2 produced in the Δalg9/ALG12-overexpression strain (Quan et al., 2008). Similarly, a Δalg3 mutation, which results in the formation of Man5GlcNAc2 exposing the first α1,6Man residue attached to the β1,4Man residue (due to lacking both B and C branches), could also stimulate ERAD (Clerc et al., 2009). The revelation of high specificity and high affinity binding of OS-9/XTP3-B with α1,6Man-exposed high Man-type glycans was also consistent with an earlier mammalian cell culture study, which used a mutant CHO cell line whose proteins were glycosylated with either Man5GlcNAc2 or Man9GlcNAc2 to conclude preferential degradation of Man5GlcNAc2-carrying glycoproteins over Man9GlcNAc2-bearing glycoproteins (Foulquier et al., 2004). A further support for a crucial role of the α1,6Man-exposed N-glycan in the mammalian ERAD pathway came from a recent haploid genetic screening via CRISPR/Cas9 and gene-trap mutagenesis in cultured human KBM7 cells that identified ERAD inhibitory mutations in the human homologs of ALG9 and ALG12 (Timms et al., 2016).

Consistent with the results of the yeast and mammalian studies, loss-of-function mutations in Arabidopsis EBS3 or EBS4 (homologs of the yeast ALG9 and ALG12, respectively) blocked degradation of bri1-5 and bri1-9 (Hong et al., 2009, 2012) and ER-retained mutant variants of two leucine-rich-repeat receptor-like-kinases involved in floral organ abscission (Baer et al., 2016). Importantly, overexpression of EBS4/ALG12 in an ebs3/alg9 mutant background recreated the Man7GlcNAc2 N-glycan on bri1-5 and bri1-9, thus nullifying the inhibitory impact of the ebs3/alg9 mutation on the degradation of the two mutant bri1 proteins (Hong et al., 2012). Similar, crossing an Arabidopsis alg3 mutation, which produced glycoproteins containing Man5GlcNAc2 exposing a free α1,6Man residue (Henquet et al., 2008; Kajiura et al., 2010), also suppressed the inhibitory impact of ebs3/alg9 or ebs4/alg12 mutation on the ERAD of bri1-5 and bri1-9 (Hong et al., 2012). These experiments thus demonstrated that the N-glycan signal that tags misfolded proteins for ERAD is conserved between Arabidopsis and yeast/mammalian cells and carries an exposed α1,6Man residue.




Htm1/EDEMs ARE ACTIVE MANNOSIDASES IN VIVO

What could be the enzyme(s) responsible for cleaving the C-branch α1, 2Man-α1,6Man linkage to generate the conserved ERAD N-glycan signal carrying an exposed α1,6Man residue? Because of their sequence similarity with Mns1/ERManI, a potential role of Htm1/EDEM as active α1,2-mannosidase was investigated right after their initial discoveries in 2001 using free oligosaccharides as substrates with no reported success (Hosokawa et al., 2001; Jakob et al., 2001; Nakatsukasa et al., 2001). However, measuring electromobility changes of glycosylated ERAD substrates on SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) coupled with N-glycan analyses of ERAD clients and total glycoproteins revealed that mammalian EDEMs are active α1,2-mannosidases in vivo.

Interestingly, the first member of the Htm1/EDEM family to be demonstrated as an active mannosidase in vivo was EDEM3, the last of the three mammalian EDEMs studied (Hirao et al., 2006). EDEM3 is the largest member of the mammalian EDEM family (931 amino acids for the human EDEM3). It has a signal peptide, an α1,2-mannosidase-like domain (MLD), a large C-terminal domain containing a 94-amino acid protease-associated motif, and a C-terminal KDEL ER retrieval motif that is absent in EDEM1 or EDEM2. Consistent with what were previously known for Htm1 and EDEM1/2, EDEM3 not only physically interacted with a widely used mammalian ERAD substrate, NHK that is an ER-retained misfolded α1-antitrypsin variant known as null Hong Kong (Liu et al., 1997), but also promoted NHK degradation. The initial hint for a potential in vivo mannosidase activity came from SDS-PAGE analysis of a pulse-chase experiment of 35[S]-labeled NHK, revealing a faster-moving NHK band from cultured cells transfected with EDEM3 than that of the non-transfected cells. Importantly, such an EDEM3-induced electromobility shift was eliminated after Kif treatment, suggesting that EDEM3 directly or indirectly demannosylated N-glycans of NHK. Indeed, careful analysis of N-glycans of NHK and total glycoproteins of cultured cells labeled with 3[H]Man indicated that overexpression of the wild-type EDEM3 but not its catalytically inactive form EDEM3(E147Q) with E147 corresponding to E132 and E330 known to be essential for the α1,2-mannosidase activities of yeast Mns1 and mammalian ERManI, respectively (Vallee et al., 2000a, b), stimulated trimming of N-glycans of NHK from Man8GlcNAc2 to Man6–7GlcNAc2 and resulted in a significant increase in Man6GlcNAc2 with a concomitant decrease in Man7–8GlcNAc2 of total Endo H-released N-glycans (Hirao et al., 2006). The results suggested that EDEM3 is an active mannosidase in vivo that is capable of trimming multiple α1,2Mman residues on misfolded and native glycoproteins.

It is interesting to note that earlier EDEM1 studies also observed EDEM1-induced SDS-PAGE mobility changes of glycosylated ERAD substrates during similar pulse-chase experiments (Hosokawa et al., 2001, 2003; Molinari et al., 2003; Mast et al., 2005). However, such mobility changes were thought at the time to be caused by easier access of N-glycans of ERAD clients, which were extracted from the CNX/CRT cycle by overexpressed EDEM1, to the B-branch Man-trimming ERManI (Hosokawa et al., 2001; Molinari et al., 2003; Olivari et al., 2005). A similar analysis of Endo H-released N-glycans was also performed with the immunoprecipitated NHK from 3[H]Man-labeled HEK293 cells transfected with EDEM1 but no increase in Man6–8GlcNAC2 N-glycans was detected (Hosokawa et al., 2003). The failure to detect such increases on NHK in EDEM1-transfected cells could be caused by a combination of EDEM1-enhanced NHK degradation (a much lower amount of NHK to be immunoprecipitated) and a much weaker in vivo α1,2-mannosidase activity. Another important result of this study was the detection of a small amount of GlcMan8GlcNAc2 glycan on the immunoprecipitated NHK from EDEM1-transfected but not non-transfected HEK293 cells; however, its true identity remained unknown till 2010. It should also be important to mention that the first reported EDEM2 study did analyze the total N-glycans using 3[H]Man-labeled mammalian cells transfected with or without EDEM2 and discovered that the majority of Endo-H-released N-glycans were Glc0–1Man9GlcNAc2, leading to a conclusion that EDEM2 was an inactive mannosidase (Mast et al., 2005). The different results in the N-glycan analyses of the EDEM2/3 studies could be attributed to distinct characteristics of different cell lines, an inherent limitation of the mammalian cell culture studies. The 2005 EDEM2 study used HEK293 cells derived from human embryonic kidney cells (Mast et al., 2005) while the 2006 EDEM3 experiment used HepG2 cells originated from a human liver cancer tissue (Hirao et al., 2006).

The successful demonstration of EDEM3 exhibiting an in vivo mannosidase activity prompted reexamination of EDEM1 that was previously shown to cause similar SDS-PAGE mobility shift of a glycosylated ERAD client (Hosokawa et al., 2001, 2003; Molinari et al., 2003). Careful analysis of the electromobility changes of two ERAD clients, NHK and BACE457 that is an ER-retained splicing-variant of the human β-secretase (Bodendorf et al., 2001; Molinari et al., 2002), revealed that overexpression of the wild-type EDEM1 but not its catalytically dead variant caused Kif-dependent faster mobility of the two ERAD substrates (Olivari et al., 2006), indicating that EDEM1 was also an active mannosidase in vivo. Interestingly, EDEM1 also increased the SDS-PAGE mobility of a glycosylated ERAD substrate in mutant CHO cells (B3F7), in which glycoproteins were glycosylated with N-glycans lacking both B and C-branches (Cacan et al., 1992), suggesting that EDEM1 was capable of trimming the A-branch α1,2Man residues (Olivari et al., 2006). However, the lack of a negative control (transfecting B3F7 cells with a catalytically dead EDEM1) made it difficult to draw a definitive conclusion on the causative relationship between the observed mobility shift of a misfolded glycoprotein with the suspected A-branch α1,2-mannosidase activity of EDEM1 in B3F7 cells. It is possible that EDEM1 overexpression in B3F7 cells might increase the abundance of other mammalian α1,2-mannosidases capable of cleaving the A-branch terminal α1,2Man residue, such as ERManI and Golgi-localized α1,2-mannosidases that were known to stimulate ERAD when overexpressed in cell cultures (Hosokawa et al., 2003, 2007; Avezov et al., 2008). These results showed that EDEM1 is also an active α1,2-mannosidase in vivo that could demannosylate α1,2Man residues of the C/A branches.

Additional support for the suspected α1,2-mannosdase activity of the Htm1/EDEM in promoting ERAD came from two yeast genetic studies. As discussed above, two yeast genetic approaches, one overexpressing ALG12 in a Δalg9 mutant and the other deleting ALG3, demonstrated that the true ERAD N-glycan signal that marks a misfolded glycoprotein in yeast cells is an N-glycan with an exposed α1,6Man residue (Quan et al., 2008). More importantly, both genetic approaches eliminated the requirement of Htm1 for degrading CPY∗, implying that Htm1 likely catalyzes the C-branch α1,2Man-trimming reaction to expose the α1,6Man residue. It was a further metabolic study that really confirmed such a speculation (Clerc et al., 2009). Careful analysis of peptide:N-glycosidase F (PNGase F)-released 3[H]Man-labeled N-glycans of total yeast proteins revealed a predominant presence of Man8GlcNAc2. Importantly, overexpression of Htm1 but not its mutant variants carrying E222Q/D279N mutations, corresponding to E214 and D275 essential for the Mns1 activity (Lipari and Herscovics, 1999), resulted in an easily detectable increase in the amount of Man7GlcNAc2 N-glycan, demonstrating that Htm1 was an active α1,2-mannosidase in vivo. Consistently, only the wild-type Htm1 plasmid but not its E222Q/D279N-mutant variants complemented the ERAD-inhibitory Δhtm1 mutation, confirming that the ERAD-promoting activity of Htm1 absolutely depends on its suspected α1,2-mannosidase activity. This finding was in sharp contrast to what was known about the mammalian EDEM1 whose catalytically inactive mutants were still capable of promoting ERAD (Hosokawa et al., 2010; Ninagawa et al., 2014) likely caused by the demonstrated chaperone function of EDEM1 (Hosokawa et al., 2006; Olivari et al., 2006; Cormier et al., 2009; Kosmaoglou et al., 2009; Termine et al., 2009; Marin et al., 2012; Sokolowska et al., 2015). To determine the branch-specificity of the in vivo α1,2-mannosidase activity of Htm1, the Man7GlcNAc2-glycan produced in Htm1-overexpressing yeast cells was purified and analyzed by in vitro digestion with α1,2-exomannosidase that converted Man7GlcNAc2 to Man5GlcNAc2. This result, coupled with the ability of overexpressed Htm1 to convert GlcMan8GlcNAc2-glycan (the A-branch terminal α1,2Man residue being protected by the Glc residue) of the Δalg8Δglc2 yeast cells to Glc1Man7GlcNAc2, indicated that Htm1 is a unique α1,2-mannosidase that specifically cleaves the C-branch α1,2Man residue. Thus, the Clerc et al. (2009) study was the first to demonstrate that a member of the Htm1/EDEM family is a C-branch-specific α1,2-mannosidase in vivo. This study also revealed that Htm1 was only active toward Glc0–1Man8GlcNAc2 N-glycans (lacking the B-branch α1,2Man residue), explaining why the Δmns1 mutation completely blocks the ERAD of CPY∗ (Knop et al., 1996). The yeast studies not only demonstrated that Htm1 is an active α1,2-mannosidase in vivo but also determined its C-branch specificity and its requirement of the Man8B as its substrate.

The C-branch specificity was subsequently confirmed for the mammalian EDEM1 in 2010 when the true identity of the mysterious GlcMan8GlcNAc2 glycan, which was initially detected by Hosokawa et al. (2003) study that investigated the impacts of overexpressed ERManI or EDEM1 on degradation and Man-trimming of NHK, was determined to be the GlcMan8GlcNAc2 isomer C (lacking the C-branch terminal α1,2Man residue) (Hosokawa et al., 2010). Importantly, such a unique N-glycan was detected on NHK immunoprecipitated from HEK293 cells transfected with the wild-type EDEM1 but not its catalytically inactive mutant, indicating that EDEM1 is a C-branch-specific α1,2-mannosidase capable of directly demannosylating GlcMan9GlcNAc2 (Hosokawa et al., 2010). A further support for the C-branch specificity of EDEM1 came from analyzing N-glycans of total glycoproteins extracted from HepG2 cells transfected with or without EDEM1, showing that EDEM1 overexpression resulted in significant increase in the A isoform of Man7GlcNAc2 (a terminal α1,2Man residue on the A-branch) and Man6GlcNAc2 with a concomitant decrease in Man8GlcNAc2 isomer B, suggesting that overexpressed EDEM1 could also trim the C-branch (and likely the A-branch) α1,2Man residue on correctly folded glycoproteins or their folding intermediates. It is important to note that while overexpression of EDEM1 in HEK293 cells resulted in presence of ∼10% (of total N-glycans) GlcMan8GlcNAc2 on NHK during a 3h chasing period following 30 min 3[H]Man labeling of HEK293 cells (Hosokawa et al., 2010), overexpression of EDEM3 caused detection of ∼50% (of total N-glycans) Man6–7GlcNAc2 on NHK during a shorter 2 h chasing period (Hirao et al., 2006), revealing that EDEM3 is a much stronger α1,2-mannosidase than EDEM1 in cultured HEK293 cells. Alternatively, the difference in the demannosylation activity of EDEM1 and EDEM3 could be caused by their differential selectivity for certain glycoproteins of cultured cells. The detection of increased amount of Man6GlcNAc2 N-glycans in both EDEM1- and EDEM3-overexpression studies (Hirao et al., 2006) suggested that both EDEMs were capable of demannosylating α1,2-Man residues beyond the C-branch. It is also possible that overexpression of EDEM1/3 could somehow stimulate the activity of the Golgi-localized α1,2-mannosidases responsible for the detected elevation of Man6GlcNAc2-glycans on total glycoprotein extracts during the 3[H]Man pulse-chasing experiments. Thus, it was concluded that the yeast Htm1 is a C-branch-specific α1,2-mannosidase while the mammalian EDEM1/3 preferentially demannosylate the C-branch α1,2Man residue with additional demannosylation activity that removes α1,2Man residues of the A-branch.



THE ARABIDOPSIS MNS4 AND MNS5 ARE ALSO ACTIVE α1,2-MANNOSIDASE IN VIVO

The Arabidopsis genome encodes two homologs of EDEMs (Mast et al., 2005), which were named MNS4 and MNS5 due to their sequence homology to the yeast Mns1 (Hüttner et al., 2014b) and the presence of three other Mns1-like α1,2-mannosidases known as MNS1, MNS2, and MNS3 (Liebminger et al., 2009). Loss-of-function mutations in MNS4 or MNS5 had no detectable impact on the ERAD of bri1-5 and bri1-9, however, simultaneous elimination of both MNS4 and MNS5 was able to block ERAD of the two ER-retained mutant BR receptors, thus suppressing the dwarf phenotypes of the corresponding Arabidopsis mutants (Hüttner et al., 2014b). The simultaneous elimination of MNS4 and MNS5 also blocked the degradation of an engineered ERAD substrate, SUBEX-C57Y-GFP containing the Cys57-Tyr mutated variant (mimicking the bri1-5 mutation) of the extracellular domain of Arabidopsis STRUBBELIG known to be involved in tissue morphogenesis (Chevalier et al., 2005; Hüttner et al., 2014a). These genetic results provided a strong support for the involvement of MNS4 and MNS5 in a plant ERAD process. Importantly, the suppressive effect of the mns4 mns5 double mutation on the growth defects of bri1-5 could be nullified by an alg3 mutation (Hüttner et al., 2014b), implying that MNS4 and MNS5 function redundantly in generating the conserved N-glycan ERAD signal known to mark bri1-5 for ERAD (Hong et al., 2012). The demonstration to show that MNS4 and MNS5 were capable of demannosylating N-glycans in vivo was carried out in a tobacco transient expression system, which coexpressed MNS4/5-GFP with an ER-resident glycoreporter GCS1-CTS-GFPglyc, a GFP-tagged chimeric glycoprotein composed of a short ER membrane-anchored N-terminal fragment of the Arabidopsis GI/GCS1 (GCS1-CTS) and a 217-amino-acid fragment of the human immunoglobulin G1 heavy chain with a single N-glycosylation site (Schoberer et al., 2009). It was shown that the single N-glycan on GCS1-CTS-GFPglyc, when expressed alone, was mainly Man8–9GlcNAc2. However, coexpression of the glycoreporter with the wild-type MNS4-GFP but not its catalytically inactive variant resulted in a significant increase in Man7GlcNAc2 (Hüttner et al., 2014b). This glycan was subsequently analyzed by liquid chromatography-electrospray ionization-mass spectrometry with three Man7GlcNAc2 standards, revealing its identity as the Man7GlcNAc2 isomer A lacking the B/C-branch α1,2-Man residues. Together, these results clearly demonstrated that MNS4 is a plant C-branch-specific α1.2-mannosidase. Intriguingly, despite functional redundancy in the genetic experiments, the tobacco-expressed MNS5 had no detectable effect on the N-glycan of GCS1-CTS-GFPglyc. Yet both MNS4 and MSN5 were able to generate the Man7GlcNAc2 glycan on a soluble glycoreporter GFPglyc-HDEL (lacking the GCS1-CTS fragment but carrying the HDEL ER retrieval motif), revealing that both MNS4 and MNS5 are active C-branch-specific α1,2-mannosidases with MNS5 possibly being more selective for its substrates. It is important to note that there has been no report on whether the two tested glycoreporters are correctly folded glycoproteins or are misfolded and degraded via a typical plant ERAD process. It remains to be tested whether MNS4 and MNS5 are folding-sensitive mannosidases that preferentially trim the C-branch α1,2Man residue of misfolded glycoproteins over their native conformers.



THE MAMMALIAN EDEM2 IS A B-BRANCH-SPECIFIC α1,2-MANNOSIDASE IN VIVO

The mammalian EDEM2 is a unique member of the Htm1/EDEM family. An earlier study (Mast et al., 2005) showed that EDEM2 lacked in vitro (using purified EDEM2 protein with fluorescent-labeled Man5–9GlcNAc2 glycans) and in vivo mannosidase activity using the same assay (analyzing 3[H]Man-labeled N-glycan profiles from HEK293 cells transfected with or without EDEM) that demonstrated the in vivo mannosidase activity of EDEM1/3. Although two initial studies showed that EDEM2 overexpression stimulated degradation of glycosylated ERAD clients but not their non-glycosylated variants (Mast et al., 2005; Olivari et al., 2005), a later study, which investigated the role of all three EDEMs via siRNA strategy, found that EDEM2 was required for degrading both glycosylated and non-glycosylated variants of the human sonic hedgehog (Tang et al., 2014), which was known to be self-cleaved in the ER with its cleaved N-terminal fragment secreted for signaling and its C-terminal fragment to be degraded through ERAD (Chen et al., 2011). The discrepancy between these two studies could be attributed to different ERAD substrates or experimental approaches, overexpression vs. RNAi-mediated gene silencing that could cause off-target or compensatory effects.

A seminal study that utilized gene knockout instead of siRNA-mediated gene silencing made a surprising discovery of EDEM2 being a major α1,2-mannosidase responsible for the B-branch α1,2Man-trimming reaction in certain cultured cells (Ninagawa et al., 2014). This study was performed with mammalian cell lines different than those used in previously published ERAD studies: DT40 derived from chicken lymphocytes and HCT116 derived from human colonic carcinoma, which were used due to their easier manipulation for creating gene knockouts. Total N-glycan analyses of DT40 cells lacking individual members of the ERManI/EDEMs confirmed the previous findings of higher in vivo mannosidase activity of EDEM3 than EDEM1 (Ninagawa et al., 2014). Surprisingly, while knocking out ERManI resulted in a slight increase of Man9GlcNAc2, elimination of EDEM2 elevated the relative abundance of Man9GlcNAc2 to that of Kif-treated DT40 cells, indicating that EDEM2 is a much stronger B-branch-specific α1,2-mannosidase than ERManI. A low ERManI activity seemed to be consistent with its rapid turnover in cultured mammalian cells (Wu et al., 2007; Termine et al., 2009) and earlier N-glycan analyses of cell cultures, which revealed the predominant presence of Man9GlcNAc2 after 30-min 3[H]Man-pulse labeling (Mast et al., 2005; Hirao et al., 2006). In comparison, the major N-glycan after 20-min 3[H]Man-pulse labeling in yeast cells was Man8GlcNAc2 (Clerc et al., 2009). However, careful reading of the reported N-glycan results revealed increased abundance of several high Man-type N-glycans with an intact B-branch, including Man8A (lacking the A-branch terminal α1,2-Man residue), Man7B (lacking terminal α1,2-Man residues of the A and C-branches), and Man6’ (missing all three A/C-branch α1,2-Mman residues) in ERManI-KO but not EDEM2-KO DT40 cells, confirming the importance of ERManI in N-glycan maturation of mammalian cells. This result was similar to what was reported for the total N-glycans extracted from an Arabidopsis mns3 mutant lacking the plant Mns1/ERManI homolog, which accumulated unusual N-glycans with an intact B-branch, thus revealing the existence of an alternative pathway for the formation of complex-type N-glycans in plants (Liebminger et al., 2009). It is quite possible that the dramatic impact of EDEM2-KO instead of ERManI-KO on the accumulation of Man9GlcNAc2 is caused by ER retention of a large number of secretory/transmembrane proteins (due to their inefficient folding/assembly) in cultured mammalian cells (Schubert et al., 2000) and the non-ER localization of ERManI (Benyair et al., 2015a). Thus, EDEM2 is an active B-branch-specific α1,2-mannosidase in vivo that likely demannosylate N-glycans of ER-retained glycoproteins.

Consistent with the total N-glycan data, analysis of ATF6, a known endogenous glycosylated ERAD substrate (Horimoto et al., 2013), revealed that eliminating EDEM2 but not ERManI not only inhibited the degradation of ATF6 but also reduced its SDS-PAGE electromobility similar to that of Kif-treated DT40 cells. By comparison, the electromobility of ATF6 extracted from EDEM1/3-KO cells was between that of ATF6 extracted from the mock-treated and Kif-treated DT40 cells (Ninagawa et al., 2014). These are very important results indicating that generating the conserved N-glycan signal for a mammalian ERAD pathway (at least in certain cultured mammalian cells such as DT40) also requires the B-branch Man-trimming reaction. The impacts of knocking out ERManI/EDEMs on N-glycan profiles and the degradation rates and electromobility shifts of ATF6 were subsequently confirmed in the human HCT116 cell line (Ninagawa et al., 2014). More importantly, the inhibitory effect of EDEM2-KO on ERAD and Man-trimming of ATF6 could be rescued by the wild-type EDEM2 but not its catalytically dead mutant. These results demonstrated that EDEM2 is a B-branch-specific α1,2-mannosidase that initiates the demannosylation process for the mammalian ERAD pathway. The resulting Man8B is further demannosylated at its C-branch by EDEM3 and/or EDEM1 to form Man7C with an exposed α1,6Man residue, which can then be recognized by the ERAD lectin OS-9/XTP3-B.



DEMONSTRATION OF THE α1,2-MANNOSIDASE ACTIVITY OF Htm1 IN VITRO

The revelation of in vivo α1,2-mannosidases activity of the Htm1/EDEMs prompted another round of experiments to demonstrate that the Htm1/EDEMs could demannosylate N-glycans in vitro, an ultimate test to show that Htm1/EDEMs are bona fide α1,2-mannosidases rather than accessary factors of unknown mannosidase. Two hypotheses were put forward to explain the early failure of in vitro α1,2-mannosidase assays: Htm1/EDEMs are only active toward N-glycans of misfolded proteins and Htm1/EDEMs require one or more cofactors for their α1,2-mannosidase activities.

The first successful demonstration of an in vitro α1,2-mannosidase activity was performed with the yeast Htm1 coexpressed with the yeast Pdi1 (protein disulfide reductase 1) in insect cells (Gauss et al., 2011). Pdi1 is the only essential member of the yeast 5-member PDI family and consists of 4 TRXL domains known as a, b, b′, and a′ (a/a′ carrying redox-active motif and b/b′ being redox inactive) (Farquhar et al., 1991; Norgaard et al., 2001). These four TRXL domains form a twisted U-shaped structure with the a/a′ domains forming the two arms, the b/b′ domains establishing the curved base, and an inner hydrophobic surface thought to interact with misfolded proteins (Tian et al., 2006). Pdi1 was shown to covalently interact (via mixed disulfide bridges) with Htm1 in yeast cells (Clerc et al., 2009), required for the generation of a disulfide bond in Htm1 (Sakoh-Nakatogawa et al., 2009), and necessary to produce a soluble Htm1 protein in the insect cells (Gauss et al., 2011). To demonstrate the in vitro α1,2-mannosidase activity of a purified Htm1-Pdi1 complex, Gauss et al. used the total protein extracts of 3[H]Man-pulse labeled yeast cells of defined genotypes (for producing N-glycans of defined structures) as the assay substrates, which were then treated with PNGase F to release N-glycans for analysis by high performance liquid chromatography (HPLC). Incubation of the purified Htm1-Pdi1 complex with the protein extracts of the wild-type yeast cells resulted in ∼10% conversion of Man8GlcNAc2 to Man7GlcNAc2 (Gauss et al., 2011). Importantly, it was found that reduction/alkylation of the protein extracts was a necessary step to achieve the maximum activity, supporting the hypothesis that Htm1/EDEMs preferentially demannosylate N-glycans of misfolded proteins. Consistent with the in vivo result showing that Htm1 was only active with the Man8B N-glycan (Clerc et al., 2009), the Htm1-Pdi1 complex failed to trim Man9GlcNAc2 on total proteins extracted from Δmns1 yeast cells but was able to convert Man9GlcNAc2 to Man7GlcNAc2 when co-incubated with a recombinant Mns1 (Gauss et al., 2011; Liu et al., 2016). This successful in vitro assay indicated that Htm1 not only requires a cofactor (Pdi1) but also preferentially demannosylates Man8B of misfolded glycoproteins. It is important to note that the purified Htm1-Pdi1 complex was able to demannosylate N-glycans of correctly folded glycoproteins (albeit with reduced efficiency), which was later confirmed by an in vivo experiment showing that overexpression of the wild-type Htm1 but not its catalytically inactive mutants resulted in elevated abundance of Man7GlcNAc2 with a concomitant reduction of Man8GlcNAc2 on the endogenous Htm1 and other yeast glycoproteins (Pfeiffer et al., 2016).

Because the yeast protein extracts used as the in vitro substrates could contain other necessary cofactor(s) required for the α1,2-mannosidase activity of Htm1, two additional in vitro studies were performed using N-glycans of well-studied single glycoproteins, which could be manipulated to alter their folding status (Liu et al., 2016; Pfeiffer et al., 2016). Consistent with the earlier reports (Clerc et al., 2009; Sakoh-Nakatogawa et al., 2009), epitope-tagged Htm1 proteins expressed in yeast cells were copurified with Pdi1, and the resulting Htm1-Pdi1 complexes were assayed for their in vitro mannosidase activity using the ER-retained CPY-HDEL and its mutant variant CPY∗-HDEL or bovine pancreatic ribonuclease B (RNase B), which was known to have a single but heterogeneous Man5–8GlcNAc2 N-glycan (Fu et al., 1994) and could be chemically or enzymatically treated to alter its conformations (Ritter and Helenius, 2000; Ritter et al., 2005). As expected, the purified Htm1-Pdi1 complex but not its catalytically dead variants preferentially converted Man8GlcNAc2 into Man7GlcNAc2 on CPY∗-HDEL or chemically denatured/modified CPY-HDEL over the native CPY-HDEL. Contradictory to what was previously found (Gauss et al., 2011), the Htm1-Pdi1 complex purified from yeast cells could directly trim Man9GlcNAc2 N-glycan (on denatured CPY-HDEL purified from the Δmns1Δhtm1 yeast cells) to form the Man8GlcNAc2 isoform C, providing a direct biochemical support for a previously described Mns1-independent Htm1-dependent mechanism to generate an α1,6Man-exposed Man8GlcNAc2 N-glycan (Hosomi et al., 2010; Chantret et al., 2011). The in vitro α1,2-mannosidase activity of the Htm1-Pdi1 complex was further confirmed using RNase B as the substrate. It was found that the Htm1-Pdi1 complex preferentially demannosylated N-glycans of the chemically denatured or proteolytically cleaved RNase B, and that incubation of the Htm1-Pdi1 complex but not its catalytically dead mutant with denatured RNase B resulted in a marked reduction of Man8GlcNAc2 glycans with a concomitant increase in Man7GlcNAc2 glycans (Liu et al., 2016; Pfeiffer et al., 2016). Consistent with the in vivo study (Clerc et al., 2009), 1H-nuclear magnetic resonance-based analysis of N-glycans of denatured RNase B revealed that the Htm1-Pdi1 complex specifically cleaved the α1,2Man-α1,6Man linkage of the C-branch. The most interesting experiment of the two Htm1 studies of 2016 was the in vitro assay of the Htm1-Pdi1 complex using the affinity-purified Man8GlcNAc2-carrying RNase B (Ritter et al., 2005), which was chemically and enzymatically manipulated to form several well-defined structural conformers with varying degree of unfolding/misfolding. This experiment revealed that the Htm1-Pdi1 complex was a folding-sensitive α1,2-mannosidase that prefers nonnative glycoproteins with partially folded structure over globally denatured glycoproteins. Thus, the Htm1-Pdi1 complex, which marks a terminally misfolded glycoprotein for degradation, is very similar to UGGT that uses a flexible C-shaped substrate binding domain composed of 4 TRXL domains to preferentially recognize and reglucosylate unfolded proteins with partially folded structures (Calles-Garcia et al., 2017; Roversi et al., 2017; Satoh et al., 2017) for sending a misfolded glycoprotein back to the CNX/CRT folding cycle. Together, these three yeast studies have demonstrated that the Htm1-Pdi1 complex was an active α1,2-mannosidase in vitro that preferentially demannosylate the C-branch α1,2Man residue of N-glycans of misfolded (with partially folded structures) glycoprotens over their native or globally unstructured conformers.

The requirement for Pdi1 as the necessary cofactor of Htm1 was supported by a genetic study that identified a missense pdi1 allele, pdi1-1, which carries a Leu313-Pro mutation near the center of the b′ domain thought to be involved in the substrate binding with little impact on its oxidoreductase function (Gauss et al., 2011). The pdi1-1 mutation disrupts the Htm1-Pdi1 association, reduces the Htm1 stability, and inhibits the Htm1’s in vivo mannosidase activity. Importantly, pdi1-1 greatly reduced ERAD of two glycosylated ERAD clients, and its inhibitory impact on ERAD could be rescued by Htm1 overexpression (compensating for the weaker Htm1-pdi1-1 binding) or Δalg3 deletion, indicating that the pdi1-1 mutation specifically affects the Htm1 activity. Further support for the importance of the Htm1-Pdi1 binding for the Htm1’s α1,2-mannosidase activity came from several transgenic experiments expressing mutant Htm1 variants carrying mutations that disrupt the Htm1-Pdi1 interaction. For example, deleting the C-terminal domain known to be essential for the covalent Htm1-PDi1 interaction (Clerc et al., 2009; Sakoh-Nakatogawa et al., 2009) or just deleting the last 4 amino acids inhibited the α1,2-mannosidase activity of Htm1 in converting Man8GlcNAc2 to Man7GlcNAc2 (Liu et al., 2016). Similarly, mutating Phe632 into Leu in the C-terminal alpha-helix region of Pro630-Trp636 inhibited the Htm1-Pdi1 interaction, reduced the Htm1’s demannosylation activity, and compromised the Htm1’s ERAD-stimulatory activity (Pfeiffer et al., 2016). Together, these studies demonstrated an absolute requirement of the yeast Pdi1 for the α1,2-mannosdase activity of Htm1.

Why does Htm1 need Pdi1 for its mannosidase activity? An earlier study showed that the Htm1-Pdi1 interaction is required to form the intramolecular disulfide bridge between Cys65 and Cys445 of Htm1, which is essential for keeping the folded structure of its MLD (Sakoh-Nakatogawa et al., 2009). This study also showed that Htm1 maintains the covalent (via mixed disulfide bridges involving at least two C-terminal Cys residues, Cys579 and/or Cys644) and non-covalent interaction (likely requiring a folded MLD structure) with Pdi1 even after the Pdi1-catalyzed formation of the Cys65–Cys445 disulfide bridge, implying an additional ERAD-supporting role. Treatment of the purified Htm1-Pdi1 complex with a thiol-reactive agent had little effect on its in vitro α1,2-mannosidase activity (Liu et al., 2016), indicating that the covalently bound Pdi1 is not engaged in a Cys-mediated biochemical process during the in vitro mannosidase assay. Consistently, Δhtm1 mutation was shown to inhibit the ERAD of both CPY∗ and its Cys-free variant CPY∗ΔCys (Pfeiffer et al., 2016). Given the similarity between the Htm1-Pdi1 complex and UGGT in recognizing unfolded glycoproteins with partially folded structures and the demonstrated chaperone function of Pdi1 (Wang and Tsou, 1993), it is tempting to speculate that the disulfide bridged Pdi1 uses its 4 TRXL domains with a hydrophobic client-binding inner surface to recognize and bind misfolded glycoproteins, leading to conformational changes in the MLD of Htm1 and activation of its α1,2-mannosidase activity. A detailed structural analysis of a purified Htm1-Pdi1 complex could shed light on the biochemical mechanism by which this disulfide-bridged ERAD “folding sensor” recognizes misfolded glycoproteins, demannosylates their N-glycans, and forces their entry into the ERAD pathway.



DEMONSTRATION OF IN VITRO MANNOSIDASE ACTIVITY OF THE MAMMALIAN EDEMs

Recent studies have shown that PDI binding is also required for the in vitro and in vivo α1,2-mannosidase activity of the mammalian EDEMs. The first experiment to demonstrate the in vitro mannosidase activity of EDEMs was performed with EDEM3, which has a long C-terminal domain exhibiting no sequence homology with the Htm1’s C-terminal domain known to be essential for its disulfide bridge-mediated interaction with the yeast Pdi1. Despite the fact that it’s in vivo α1,2-mannosidase activity was discovered in 2006, the first report for its in vitro mannosidase activity was published 12 years later when a FLAG-tagged EDEM3 was found to be copurified with ERp46, a member of the mammalian PDI family that contains three redox-active TRXL domains and can rescue the yeast Δpdi1 mutation (Knoblach et al., 2003; Kozlov et al., 2010). Importantly, the EDEM3-ERp46 interaction was quite specific as EDEM3 failed to bind P5 and PDI, two other members of the mammalian PDI family; however, it remains an open question if EDEM3 interacts with additional mammalian PDIs, such as ERdj5 and TXNDC11 (thioredoxin domain-containing protein 11 with 5 predicted TRXL domains) which were known to be involved in mammalian ERAD (Ushioda et al., 2008; Timms et al., 2016). The specific EDEM3-ERp46 binding immediately prompted an in vitro mannosidase assay using affinity purified EDEM3 that was expressed alone or coexpressed with ERp46 in HEK293 cells. The purified EDEM3 was assayed for its mannosidase activity with affinity-purified TCRα (the α subunit of the T cell receptor complex), a glycoprotein known to be degraded by ERAD when expressed alone in cell cultures (Tiwari and Weissman, 2001). The reaction mixtures were subsequently separated by SDS-PAGE, and the electromobility shift of TCRα was used to measure the in vitro mannosidase activity. It was found that the EDEM3-ERp46 complex exhibited a much stronger demannosylation activity than the EDEM3 expressed alone in HEK293 cells. Importantly, the ability to alter the SDS-PAGE mobility of TCRα was inhibited by Kif treatment or by the catalytically inactive D294N mutation with D294 corresponding to D463 essential for the human ERManI activity (Vallee et al., 2000a), indicating that the EDEM3-ERp46 was an active mannosidase in vitro. It should be noted that the purified EDEM3 without coexpressed ERp46 was still capable of demannosylating N-glycans of TCRα albeit with a greatly reduced rate; however, such a residual mannosidase activity could be contributed to a small amount of EDEM3 complex formed with the endogenous ERp46 of the cultured HEK293 cells. The role of ERp46 in supporting the in vitro and in vivo α1,2-mannosidase activity and the ERAD-stimulatory function of EDEM3 requires a stable ERp46-KO cell line. N-glycan analysis of RNase B or known mammalian ERAD clients should be performed to determine if the EDEM3-ERp46 complex preferentially demannosylates N-glycans of misfolded glycoproteins and is a C-branch-specific α1,2-mannosidase or is capable of extensive α1,2Man-trimming in vitro.

What could be the biochemical function of ERp46 to support the EDEM3’s mannosidase activity? An initial in vivo experiment showed that ERp46 regulates the redox state of EDEM3 and covalently interacts with EDEM3 via disulfide linkages between its three redox-active sites (CGHC) and the Cys83 and Cys442 residues of EDEM3, which are the equivalent of the Cys65–Cys445 disulfide bridge of Htm1 and likely form a disulfide bridge due to their spatial proximity in a 3D model deduced from the crystal structures of Mns1/ERManI (Yu et al., 2018; Vallee et al., 2000a, b). Altering the redox state of the reaction conditions had little impact on the in vitro mannosidase activity of EDEM3 or EDEM3-ERp46 complex despite alteration of the redox state of the purified EDEM3 (from HEK293 cells without coexpressing ERp46). Consistent with the yeast Htm1-Pdi1 studies, purifying the EDEM3-ERp46 complex in the presence or absence of a thiol-reactive agent had no effect on the in vitro mannosidase activity, indicating that the in vitro demannosylation reaction of the purified EDEM3-ERp46 complex did not require a Cys-mediated biochemical event. Interestingly, mutating the second Cys residue in all three redox-active CGHC sites, which caused formation of stable disulfide bridged EDEM3-ERp46(CGHA) complexes, had no effect at all on the in vitro mannosidase activity. By contrast, mutating all 6 redox-active Cys residues completely inhibited the ERp46-EDEM3 binding and the EDEM3’s mannosidase activity. Together, these experiments showed that a disulfide bridged ERp46 was absolutely required for the mannosidase activity of EDEM3. It remains to be investigated to fully understand the biochemical mechanism by which both the wild-type ERp46 and ERp46(CGHA) promote the EDEM3’s mannosidase activity.

A recent study that examined the in vitro mannosidase activity of EDEM1 and EDEM2 suggested that EDEM1/2-interacting PDIs might help alter the conformations of their glycoprotein substrates, thus allowing easy access to their linked N-glycans (Shenkman et al., 2018). Both EDEM1 and EDEM2 immunoprecipitated from HEK293 cells were assayed for their in vitro mannosidase activity towards free N-glycans, which were PNGase F-released from a principal egg yolk glycoprotein vitellogenin of the giant freshwater prawn (Macrobrachium rosenbergii) (Roth et al., 2010). Interestingly, both EDEM1 and EDEM2 exhibited very low but nevertheless reproducible in vitro activity of converting free Glc0–1Man8-9GlcNAc2 glycans into shorter Man5–8GlcNAc2 glycans (Shenkman et al., 2018), indicating that both EDEMs were active mannosidases capable of extensive Man-trimming in vitro. Both EDEMs displayed similar weak activity of converting Glc0–1Man9GlcNAC2 to Glc0–1Man8GlcNAc2 on native vitellogenin. This is a very important finding as it confirmed earlier in vivo studies (Hosokawa et al., 2003, 2010) showing that EDEM1 could directly demannosylate Glc0–1Man9GlcNAc2 N-glycans. Interestingly, coincubation of EDEM1 with ERManI increased production of Man7GlcNAc2 glycans on vitellogenin; however, no similar additive effect was observed when EDEM1 was co-incubated with EDEM2, contradicting with the major finding of the EDEM knockout study by Ninagawa et al. (2014), showing that EDEM2 exhibited a much stronger activity than ERManI to cleave the B-branch α1,2Man residue in vivo. Importantly, coincubation of EDEM1/2 with at least two EDEM1/2-binding PDIs, PDI (Koivu et al., 1987) and TXNDC11 (Timms et al., 2016), but not ERdj5 known to interact with EDEM1 to enhance ERAD (Ushioda et al., 2008), stimulated the in vitro mannosidase activity of the two EDEMs only when vitellogenin was used as the assay substrate (Shenkman et al., 2018). Consistent with the yeast Htm1 studies, both EDEM1 and EDEM2 exhibited stronger in vitro α1,2-mannosidase activities toward N-glycans of chemically denatured vitellogenin than those of native vitellogenin, trimming Glu0–1Man9GlcNAc2 to shorter N-glycans. The most surprising result of the study was the revelation that PDI1 or TXNDC11 had little impact on the in vitro mannosidase activity of EDEM1/2 when denatured vitellogenin was used as the assay substrate, leading to a speculation that the EDEM1/2-associated PDI/TXNDC11 was mainly used to alter the conformations of their ERAD clients to maximize accessibility of their N-glycans to the EDEMs. It is important to note that, given the demonstrated strong binding between Htm1/EDEM3 with a member of the PDI family, the purified EDEM1/2 might contain covalent EDEM1/2-PDI/TXNDC11 complexes responsible for the detected in vitro mannosidase activities. Further investigation, including mutagenesis of the redox-active TRXL domains and treatment of the purified EDEM1/2 with a thiol-reactive alkylating agent, is needed to investigate how EDEM1/2 interacts with PDI/TXNDC11 and whether their in vitro mannosidase activities require a Cys-mediated biochemical event.

Indeed, a recent study revealed that EDEM2, when expressed in the EDEM2-KO HCT116 cells, formed a disulfide-bridged enzyme complex with TXNDC11 via Cys692 of TXNDC11, which contains two redox-active and three redox-inactive TRXL domains (Timms et al., 2016), and Cys558 near the C-terminal end of EDEM2 (George et al., 2020). Similar to what was discovered for the yeast Htm1 (Sakoh-Nakatogawa et al., 2009), the EDEM2-TXNDC11 interaction might be important to form the Cys65–Cys408 disulfide bridge (equivalent of the Cys65–Cys445 disulfide bridge of Htm1) that is essential for the ERAD-promoting activity of EDEM2. Consistent with the Shenkman et al. (2018) study, the purified EDEM2-TXNDC11 complex, but not the mutant EDEM2(C558A) that failed to interact with TXNDC11, was able to demannosylate the free Man9GlcNAc2 to form Man8GlcNAc2 (George et al., 2020). HPLC-based N-glycan analysis confirmed that the resulting Man8GlcNAc2 was Man8B lacking the B-branch terminal α1,2Man residue, thus unequivocally proving that EDEM2 is a B-branch-specific α1,2-mannosidase and providing an in vitro biochemical support for the earlier cell culture-based knockout experiments (Ninagawa et al., 2014). Importantly, eliminating TXNDC11 not only blocked ERAD of glycosylated ERAD substrates but also completely inhibited Man-trimming of their N-glycans measured by their mobility changes on SDS-PAGE. This study not only provided a strong genetic support for a crucial role of the EDEM-PDI binding for their in vivo α1,2-mannosidase activities but also supplied additional evidence for the requirement of the B-branch Man-trimming to create the α1,6Man-exposed N-glycan ERAD signal on the C-branch (at least in cultured human HCT116 cells). Together, these recent in vitro EDEM studies demonstrated that EDEMs were active α1,2-mannosidases in vitro and strongly suggested that their catalytic activities require disulfide bridge-mediated complex formation with members of the mammalian PDI family, which likely function in recognizing and binding of misfolded glycoprotein or altering conformations of glycoproteins to maximize accessibility of their N-glycans by the EDEMs.

As discussed above, Arabidopsis genome encodes two Htm1/EDEM homologs, namely Arabidopsis MNS4 and MNS5, which were capable of demannosylating a single N-glycan on engineered glycoreporters in a transient expression experiment in tobacco plants. However, it remains to be determined if MNS4 and MNS5 also form stable disulfide bridged protein complexes with members of the Arabidopsis PDI family of 14 PDI-like proteins (Selles et al., 2011) and if so, whether any of the MNS4/MNS5-PDI complexes exhibits in vitro α1,2-mannosidase activity with free oligosaccharides or N-glycans of misfolded or native glycoproteins.



THE REQUIREMENT FOR THE TRIMMED B-BRANCH IN CREATING THE ERAD N-GLYCAN SIGNAL

The genetic studies in yeast clearly demonstrated that the Htm1-catalyzed Man-trimming reaction requires Man8B as its substrate (Clerc et al., 2009), explaining why Δmns1 mutation could block degradation of several model glycosylated ERAD substrates (Knop et al., 1996). However, an earlier genetic study revealed the existence of a Htm1-dependent but Mns1-independent ERAD process (Hosomi et al., 2010), which was supported by recent biochemical and metabolic studies showing that Htm1 could directly remove the C-branch terminal α1,2Man residue from the Man9GlcNAc2 glycan (Chantret et al., 2011; Liu et al., 2016). Contrary to the yeast produced Htm1-Pdi1 complex, the Htm1-Pdi1 complex purified from the insect cells was shown to be only active toward Man8 but exhibited no activity at all toward Man9GlcNAc2 (Gauss et al., 2011). It is possible that an unknown factor, which is only produced in yeast cells but not in insect cells, is needed to allow the Htm1-Pdi1 complex to directly remove the C-branch α1,2Mman residue of Man9GlcNAc2. Further studies are needed to fully understand the differential requirement for the Mns1-catalyzed preparatory step on the B-branch for the C-branch trimming activity of Htm1.

The situation of the mammalian ERAD is very confusing. There are two major contributing factors. The first one is related to different cell lines used in various mammalian cell culture studies, including HEK293 cell and its derivative lines, CHO and its glycosylation-defective mutant cell lines, 3T3/NIH-3T3 (derived from Swiss albino mouse embryo), Hep2G, DT40, HCT116. Given the extensive genetic, epigenetic, and transcriptomic variability of different cell lines, these different mammalian cell cultures certainly exhibit huge variability in the protein abundance of α1,2-mannosidases, chaperones, different members of the mammalian PDI family, and different redox states of the ER. These variability make it extremely challenging to formulate a universal model to explain the contributions of different members of the mammalian glycoside hydrolase family 47 (including ERManI, EDEMs, and three Golgi-type α1,2-mannosidases) in terminating futile folding cycles of irreparable misfolded glycoproteins and forcing them into the ERAD process for their complete proteolysis. The second one is related to controversy surrounding the subcellular localization of ERManI. Unlike the yeast Mns1 that relies on a Golgi-localized protein, Rer1p, for its steady state ER localization (Massaad et al., 1999), the mammalian ERManI has been suggested to be localized in the ER-derived quality control vesicles (QCVs at the steady state)/ERQC compartment (under ER stress) or the cis-Golgi (Avezov et al., 2008; Pan et al., 2011, 2013; Benyair et al., 2015b). Regardless of the actual ERManI subcellular locations, accessing ERManI for its ERAD-promoting function(s) most likely requires vesicle-mediated ER-QCVs/ERQC compartments or ER-Golgi trafficking. It was thought that ER substrates were colocalized in the QCVs/ERQC compartment where the concentration of ERManI is high enough to support its extensive Man-trimming activity similar to what was previously shown in vitro when the recombinant ERManI was present at high concentrations (Aikawa et al., 2012, 2014). The competing theory hypothesizes that the cis-Golgi-localized ERManI influences proteasome-mediated degradation of ERAD clients via a catalysis-dependent demannosylation mechanism and non-enzymatic processes involving a conserved decapeptide sequence in the luminal stem domain and the cytoplasmic tail (Iannotti et al., 2014; Sun et al., 2020). It was thought both sequence elements contribute to a Golgi-based quality control system that captures and retrieves escaped ERAD clients back to the ER for their degradation, likely through an N-glycan and MLD-independent ERManI-client interaction and a direct ERManI binding to a component of the coat protein complex I responsible for the Golgi-to-ER retrograde transport (Pan et al., 2011, 2013; Iannotti et al., 2014; Sun et al., 2020).

A role of ERManI in the mammalian ERAD was originally postulated from pharmacological studies using inhibitors of α1,2-mannosidases (reviewed in Cabral et al., 2001) and the genetic revelation of a crucial role of Mns1 in the yeast ERAD process (Knop et al., 1996). The experimental support for the hypothesis came from two 2003 ERManI studies (Hosokawa et al., 2003; Wu et al., 2003). Hosokawa et al. (2003) showed that overexpression of ERManI increased the Glc0–1Man9GlcNAc2-Glc0–1Man8GlcNAc2 conversion accompanied by increased production of Man5–7GlcNAc2 during a 2 h-chasing period of 30 min 3[H]Man labeling of cultured HEK293 cells, suggesting that overexpressed ERManI was capable of extensive Man-trimming in vivo. Importantly, ERManI overexpression stimulated ERAD, which could be further enhanced by coexpression of EDEM1, and the ERManI-induced stimulatory effect of ERAD could be eliminated by Kif treatment, indicating that the ERAD-stimulatory effect of ERManI requires its mannosidase activity. A similar study was performed in the murine hepatoma cell line Hepa1a, showing that overexpression of ERManI stimulated ERAD in a Kif-sensitive manner (Wu et al., 2003). Two loss-of-function studies performed in 2008 showed that RNAi-triggered ERManI silencing in HEK293 cells greatly inhibited ERAD of NHK and PIZ, another misfolded variant (E342K) of α1-antitrypsin known to be degraded by ERAD (Wu et al., 2003), whereas ERManI overexpression markedly enhanced their ERAD (Avezov et al., 2008; Termine et al., 2009). Consistently, analysis of Endo H-released 3[H]Man-labeled N-glycans from the assayed ERAD substrate (after a 4 h-chasing period) revealed a significant increase of Glc0–1Man9GlcNAc2 glycans (∼55% of total N-glycans) in HEK293 cells transfected with an ERManI-RNAi construct compared to HEK293 cells transfected with a control RNAi plasmid (<10% of total N-glycans being Glc0–1Man9GlcNAc2). As expected, the relative amount of Man8GlcNAc2 was markedly reduced by ERManI silencing (from 30% in the control to 17% in ERManI-silenced cells). Additional support for a role of ERManI in Man-trimming came from analysis of electromobility changes of 35[S]Met-labeled PIZ on SDS-PAGE during a 7 h-chasing period, revealing that while ERManI overexpression accelerated rates of PIZ mobility change, ERManI silencing almost completely inhibited the PIZ’s mobility change on SDS-PAGE. More importantly, coexpression of PIZ with EDEM1 in HEK293 cells resulted in a faster rate of mobility change and degradation of PIZ, whereas ERManI silencing completely eliminated the EDEM1-induced changes, providing a strong support for a role of ERManI in EDEM1-catalyzed Man-trimming. However, caution is needed to interpret these results as RNAi-based gene silencing has been known to cause many off-target or compensatory effects.

Further support for a role of ERManI in the mammalian ERAD came from a recent CRSIPR/Cas9-created knockout of ERManI (Zhou et al., 2015), showing that eliminating ERManI in 293T cells (a HEK293 derivative cell line) inhibited NHK degradation; however, experiments similar to those performed in the ERManI-RNAi studies are needed to determine the impact of the ERManI-knockout on the Man-trimming and degradation of model ERAD substrates, especially when the ERManI-knockout cells are transfected with EDEM1-3. A recent study using a quadruple-knockout CHO cell line (lacking the ERManI and three Golgi-localized α1,2-mannosiadses) revealed that the wild-type EDEM1 (expressed as the full-length protein or just its MLD) but not its catalytically mutant variants was able to trim the N-glycans of NHK (measured by Kif-sensitive electromobility changes on SDS-PAGE), suggesting that the in vivo α1,2-mannosidase activity of EDEM1 does not require the ERManI-mediated B-branch Man-trimming. Given the recently established role of EDEM2 in cleaving the α1,2Man-α1,3Man linkage of the B-branch (Ninagawa et al., 2014; George et al., 2020), it is important to examine the activities of the endogenous or overexpressed EDEM1/EDEM3 in stimulating ERAD and Man-trimming of N-glycans on widely used glycosylated ERAD clients in multiple ERManI/EDEM2-knockout mammalian cell lines. These future experiments will tell if the EDEM1/EDEM3’s C-branch Man-trimming activity requires a B-branch-trimmed Glc0–1Man8GlcNAc2 as their preferred substrate or if EDEM1/3 can directly demannosylate Glc0–1Man9GlcNAc2 under certain experimental conditions, in certain cultured mammalian cells, and for certain ERAD substrates. Results from these experiments will certainly enhance our understanding of the biochemical functions of ERManI and the three EDEMs in the mammalian ERAD pathway.

The Arabidopsis has an ortholog of the Mns1/ERManI (known as MNS3) that was previously demonstrated to be a B-branch-specific processing α1,2-mannosidase (Liebminger et al., 2009). Loss-of-function mns3 mutation was known to interfere with the Golgi-mediated N-glycan processing as the N-glycans on mature glycoproteins all display an intact α1,2Man-α1,3Man B-branch (Liebminger et al., 2009). Importantly, loss-of-function mutation of MNS3 or simultaneous elimination of MNS3 and two Golgi-localized α1,2-mannosidases (MNS1 and MNS2) did not rescue the dwarf phenotype of bri1-5 and bri1-9 (Hüttner et al., 2014a), implying that MNS1-3 are not involved in the ERAD of the two ER-retained mutant BR receptors. Similar to what were discovered for the mammalian ERManI (Pan et al., 2011, 2013), the Arabidopsis MNS3 was found to be retained in the cis-Golgi by a signal motif (Leu5ProTyrSer) localized in the N-terminal cytoplasmic tail as mutating the hydrophobic Leu residue could relocate MNS3 to the ER (Schoberer et al., 2019). More importantly, relocation of MNS3 from the cis-Golgi to the ER could enhance the dwarf phenotypes of the bri1-5 mutant, presumably due to its mannosidase activity in the ER that enhanced ERAD of bri1-5. However, it remains to be determined if the forced ER accumulation of MNS3 stimulates the B-branch α1,2Man-trimming or directly enhances the C-branch α1,2Man cleavage as an earlier study showed that increasing MNS3 concentration resulted in increased conversion of Man8–9GlcNAc2 to Man5–7GlcNAc2 in an in vitro mannosidase assay (Liebminger et al., 2009). Thus, the current literature on the Arabidopsis α1,2-mannosidases supports that none of the three Golgi-localized α1,2-mannosidases (MNS1, MNS2, and MNS3) is involved in a well-studied plant ERAD pathway and the MNS4/5-mediated generation of the N-glycan ERAD signal unlikely requires the B-branch Man-trimming step.



CONCLUSION AND FUTURE CHALLENGES

Despite rapid progress in structural understanding of the ERAD machinery itself (Schoebel et al., 2017; Eldeeb et al., 2020; Wu et al., 2020), our knowledge of the initial events that commit an irreparable misfolded glycoprotein to ERAD remains incomplete. It was quite clear from the early days of ERAD research that demannosylation constitutes a key step of the ERAD pathway and intensive/extensive investigation in the last quarter century have identified and biochemically characterized the α1,2-mannosidases, which generate the evolutionarily conserved ERAD N-glycan signals with exposed α1,6Man residue, and the ERAD lectins that recognize and bind such a conserved N-glycan signal. However, the detailed biochemical mechanism by which eukaryotic cells make the end-of-life decision for an irreparable misfolded glycoprotein remains a mystery. The latest discoveries of the requirement of covalent binding to members of the PDI family for the mannosidase activities of Htm1/EDEMs and the structural preference of the yeast Htm1-Pdi1 complex for compact but partially unstructured glycoproteins over globally unstructured conformers suggested a mechanistic mimicry between the Htm1/EDEM-PDI complexes and UGGT, which likely compete for their binding to a misfolded protein, resulting in N-glycan demannosylation for degradation and N-glycan reglucosylation for another refolding attempt, respectively. Structural studies of a covalently bridged Htm1/EDEM-PDI complex coupled with biochemical and genetic experiments are needed to test this hypothesis and could determine if and how the PDI-mediated substrate binding is structurally coupled with the catalytic activity of the disulfide-bridged Htm1/EDEMs. The past research progress of plant ERAD studies have demonstrated that the two Htm1/EDEM homologs of the Arabidopsis function redundantly in generating the conserved N-glycan ERAD signal; however, it remains to be demonstrated if MNS4/5 require covalently bound PDIs for their mannosidase activity in vitro and in vivo. Proteomics studies, reverse genetics, and in vitro biochemical experiments will greatly expand our knowledge of the biochemical mechanism by which the plant Htm1/EDEM homologs recognize misfolded glycoproteins to demannosylate their N-glycans, thus tagging them for their elimination via the ERAD pathway.
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During endoplasmic reticulum (ER)-associated degradation, free N-glycans (FNGs) are produced from misfolded nascent glycoproteins via the combination of the cytosolic peptide N-glycanase (cPNGase) and endo-β-N-acetylglucosaminidase (ENGase) in the plant cytosol. The resulting high-mannose type (HMT)-FNGs, which carry one GlcNAc residue at the reducing end (GN1-FNGs), are ubiquitously found in developing plant cells. In a previous study, we found that HMT-FNGs assisted in protein folding and inhibited β-amyloid fibril formation, suggesting a possible biofunction of FNGs involved in the protein folding system. However, whether these HMT-FNGs occur in the ER, an organelle involved in protein folding, remained unclear. On the contrary, we also reported the presence of plant complex type (PCT)-GN1-FNGs, which carry the Lewisa epitope at the non-reducing end, indicating that these FNGs had been fully processed in the Golgi apparatus. Since plant ENGase was active toward HMT-N-glycans but not PCT-N-glycans that carry β1-2xylosyl and/or α1-3 fucosyl residue(s), these PCT-GN1-FNGs did not appear to be produced from fully processed glycoproteins that harbored PCT-N-glycans via ENGase activity. Interestingly, PCT-GN1-FNGs were found in the extracellular space, suggesting that HMT-GN1-FNGs formed in the cytosol might be transported back to the ER and processed in the Golgi apparatus through the protein secretion pathway. As the first step in elucidating the production mechanism of PCT-GN1-FNGs, we analyzed the structures of free oligosaccharides in plant microsomes and proved that HMT-FNGs (Man9-7GlcNAc1 and Man9-8GlcNAc2) could be found in microsomes, which almost consist of the ER compartments.

Keywords: free N-glycans, ER-associated degradation, peptide:N-glycanase, endo-β-N-acetylglucosaminidase, plant glycoproteins


INTRODUCTION

Free N-glycans (FNGs), which are related to asparagine-linked glycoproteins, are widely found in various eukaryotes, including yeast, plants, and animals. These FNGs can be classified into two types, GN1 and GN2, based on the reducing terminal structure; GN1-FNGs have one GlcNAc residue, whereas GN2-FNGs have GlcNAcβ1-4GlcNAc (the N,N'-diacetyl chitobiosyl unit). Regarding the protein quality control system in the endoplasmic reticulum (ER) in both animal and plant cells, it has been believed that misfolded N-glycoproteins that harbor high-mannose type (HMT)-N-glycans are transported through the dislocone complex (0s9-Sel1-HRAD1 complex) into the cytosol for proteasomal degradation or ER-associated degradation (ERAD; Suzuki and Funakoshi, 2006; Hosokawa et al., 2009, 2010; Abei et al., 2010; Hüttner and Strasser, 2012; Suzuki and Harada, 2014; Suzuki, 2015). Before proteolytic degradation, these misfolded N-glycoproteins are first de-N-glycosylated by cytosolic PNGase (cPNGase), and the resulting GN2-FNGs are then further processed into GN1-FNGs by endo-β-N-acetylglucosaminidase (ENGase), which is highly specific for HMT-GN2-FNGs. It has been believed that the resulting HMT-GN1-FNGs are further degraded by cytosolic α-mannosidase (α-Man’ase) and finally transported to the lysosome, where the FNGs are degraded to monosaccharides, in animal cells (Suzuki et al., 2006; Kato et al., 2011; Wang and Suzuki, 2013). The fate of HMT-GN1-FNGs formed in plant cytosol, in sharp contrast to those formed in mammalian cytosol, remains to be clarified, since cytosolic α-Man’ase has not been found and no orthologous gene of the animal cytosolic α-Man’ase has been identified to date. This indicates that the HMT-FNGs produced during ERAD may be metabolized via a slightly different pathway in animal cells.

As for complex type FNGs (CT-FNGs), both GN1-FNGs and GN2-FNGs have been found in both mammalian and plant cells or in their extracellular spaces (Priem et al., 1993; Faugeron et al., 1997a,b; Kimura et al., 1997, 2000; Ohashi et al., 1999; Ishizuka et al., 2008; Nakamura et al., 2008; Maeda et al., 2010, 2017; Iwatsukasa et al., 2013; Wang et al., 2015; Seino et al., 2016), and the structural features of these FNGs clearly suggest that these N-glycans had been modified or processed in the Golgi apparatus. It has been proposed that animal complex type (ACT)-GN2-FNGs are formed from HMT-GN2-FNGs, which are produced from dolichol-linked oligosaccharides as byproducts of the reaction involving the transfer of the glycan moiety (GlcNAcMan9GlcNAc2) to specific Asn residues in nascent polypeptides in the ER by oligosaccharyltransferase (OST) in mammalian cells (Harada et al., 2015). They have postulated that these HMT-GN2-FNGs, along with well-folded glycoproteins, are possibly transported and modified in the Golgi apparatus. Interestingly, extracellular ACT-FNGs are almost exclusively of the GN2 type, and this observation suggests that the mechanism of GN1-FNG generation may be slightly different from that of GN2-FNG generation.

In previous reports (Maeda et al., 2010, 2017), the plant complex type (PCT)-GN1-FNGs, which carry the Lea epitope [Galβ1-3(Fucα1-4)GlcNAc], were found in the culture broth of rice cells or the crude extract of a freshwater plant, Egeria densa. Since it has already been confirmed that plant ENGase is almost inactive toward typical plant-specific N-glycans, such as M3FX, GN2M3FX, and GN2M3X (Kimura et al., 1998, 2002; Maeda et al., 2017), these PCT-GN1-FNGs did not appear to be generated from N-glycopeptides or N-glycoproteins that harbored PCT-N-glycans by ENGase activity during turnover of the function-lost glycoproteins. Therefore, we proposed that these PCT-GN1-FNGs might have originated from HMT-GN1-FNGs produced from misfolded glycoproteins via the combination of cPNGase and ENGase in the cytosol during ERAD (Maeda et al., 2010; Maeda and Kimura, 2014). We proposed the following hypothesis regarding the formation of PCT-GN1-FNGs from HMT-GN1-FNGs: during the first stage, HMT-GN1-FNGs produced from misfolded glycoproteins might be transported back to the ER through an unidentified transporter; then, these HMT-FNGs, along with well-formed glycoproteins, might be transported to the Golgi apparatus. During the second stage, these HMT-GN1-FNGs might be processed into PCT-GN1-FNGs via concerted reactions mediated by Golgi-glycosidases and transferases, along with the N-glycans of secreted-type glycoproteins. Finally, the resulting PCT-GN1-FNGs might be secreted into the extracellular space. The fact that these PCT-GN1-FNGs have been found in the culture broth, but not in rice cells (Maeda et al., 2010), appears to support this hypothesis. Furthermore, we found that HMT-FNGs assisted in protein folding and inhibited β-amyloid fibril formation, suggesting a possible biofunction of FNGs in the protein folding system (Tanaka et al., 2015). However, whether these HMT-FNGs occurred in the ER, an organelle involved in the folding of secreted-type glycoproteins, remained unclear.

As the first step to prove that HMT-FNGs (GN1 and/or GN2) occur in the ER, we prepared plant microsomes from pumpkin hypocotyls (Kimura et al., 2002) and analyzed the structural features of free oligosaccharides in the microsomes in this study. We found that HMT-FNGs (GN1 and GN2) occurred in the microsomes that were mainly contained in the ER compartments. These results suggested that GN1-FNGs generated from misfolded glycoproteins via the combination of cPNGase and ENGase were retro-transported from the cytosol to the ER by a putative transporter specific for FNGs.



MATERIALS AND METHODS


Materials

A Cosmosil 5C18-AR column (0.60 × 25 cm) was purchased from NacalaiTesque, Inc. (Kyoto, Japan), and a Shodex Asahipak NH2P-50 column (0.46 × 25 cm) was purchased from Showa Denko Co. (Tokyo, Japan). Man9-5GlcNAc1-PA and Man9-5GlcNAc1-PA were prepared as described in previous reports (Kimura et al., 2000; Kimura and Matsuo, 2000). α-1,2-Man’ase from Aspergillus saitoi was purchased from ProZyme, Inc. (Hayward, CA, United States). Swainsonine, deoxymannojirimycin, deoxynojirimycin, and Jack bean β-GlcNAc’ase were purchased from Sigma-Aldrich (St. Louis, MO, United States), and Endo-H was purchased from Promega (Madison, WI, United States). Glc3Man9GlcNAc2-PA and Glc2Man9GlcNAc2-PA were purchased from Masuda Chemical Industries Co. (Kagawa, Japan).



Reverse-Phase-High Performance Liquid Chromatography and Size Fractionation-HPLC

Fluorescence-labeled oligosaccharides were separated by high performance liquid chromatography (HPLC) using a Jasco 2080-PU HPLC system equipped with a Jasco 920-FP Intelligent Spectrofluorometer (excitation 310 nm and emission 380 nm; Jasco, Tokyo, Japan). For reverse-phase (RP)-HPLC using a Cosmosil 5C18-AR-II (4.6 × 250 mm), the PA-sugar chains were eluted by increasing the acetonitrile concentration in 0.02% trifluoroacetic acid (TFA) linearly from 0 to 7% at a flow rate of 1.2 ml/min. For size fractionation (SF)-HPLC using a Shodex Asahipak NH2P-50 4E (4.6 × 250 mm), the PA-sugar chains were eluted by increasing the water content of the water-acetonitrile mixture from 26 to 50% linearly at a flow rate of 0.7 ml/min.



ENGase Assay

ENGase activity was assayed using M6B as a substrate and M3FX [Manα1-6(Manα1-3)(Xylβ1-2)Manβ1-4GlcNAcβ1-4(Fucα1-3)GlcNAc-PA] as an internal standard, as described in our previous paper (Kimura et al., 2011). Briefly, an enzyme solution (100 μl) was mixed with M6B and M3FX (approximately 100 pmol) in 0.1 M MES buffer (44 μl, pH 6.5) containing 5 mM swainsonine (3 μl) and 5 mM deoxymannojirimycin (3 μl). After incubation at 37°C overnight, the reaction was stopped by heating at 100°C for 3 min. After centrifugation, an aliquot (50 μl) of the resulting supernatant was analyzed by RP-HPLC using the Cosmosil 5C18-AR column. The PA-sugar chains (M6B, M3FX, and PA-GlcNAc) were eluted as described above. The substrate specificity of pumpkin ENGase has been reported using various pyridylaminated N-glycans in our previous report (Kimura et al., 2002).



ER α-Glucosidase I and II Assay

Endoplasmic reticulum α-glucosidase I and II activities were assayed using Glc3Man9GlcNAc1-PA (G3M9’) and Glc2Man9GlcNAc1-PA (G2M9’) as substrates, respectively. G3M9’ and G2M9’ were prepared from Glc3Man9GlcNAc2-PA and Glc2Man9GlcNAc2-PA, respectively, by Endo-H digestion followed by pyridylamination, as described below. An enzyme solution (100 μl) was mixed with G3M9’ and G2M9’ (approximately 50 pmol) in 0.1 M MES buffer (44 μl, pH 6.5) containing 5 mM swainsonine (3 μl), 5 mM deoxymannojirimycin (3 μl), and 5 mM deoxynojirimycin (3 μl). After incubation at 37°C overnight, the reaction was stopped by heating at 100°C for 3 min. The digested substrates were analyzed by SF-HPLC using the Shodex NH2P-50 4E column.



α-1,2-Mannosidase Digestion

PA-sugar chains obtained from the pumpkin microsomal fraction were incubated with Aspergillus α-1,2-Man’ase (100 μU) in 0.1 M Na-acetate buffer (pH 5.0) at 37°C overnight. The reactions were stopped by boiling the mixtures for 3 min, and a part of each digested substrates were analyzed by SF-HPLC using the Shodex Asahipak NH2P-50 4E column.



Preparation of Microsomes From Pumpkin Hypocotyls

Pumpkin (Cucurubita sp. cv. Kurokawa Amakuri) seeds (17.7 g) were soaked overnight, planted in moist rock fiber, and allowed to germinate at 25°C in the dark. The seedlings were grown for 6 days in the dark, and the etiolated hypocotyls were used for subcellular fractionation. Hypocotyls (41.5 g) were chopped using a razor and 0.15 M tricine buffer (50 ml, pH 7.5) containing 13% sucrose and 2 mM MgCl2 (buffer A). The chopped materials were squeezed through a nylon mesh. The resulting filtrate (10 ml each from 60 ml) was layered on the same tricine buffer, which consisted of two layers, a 20% sucrose layer (15 ml) and a 60% sucrose layer (10 ml), and centrifuged at 100,000 × g for 3 h (HITACHI 55P-72, Tokyo, Japan). After centrifugation, four fractions, from top to bottom (F-1, 10 ml; F-2, 10 ml; F-3, 10 ml; and F-IV, 5 ml), were collected, as shown in Supplementary Figure 1-I. Significant ENGase activity was detected in F-1 and F-2, indicating that these fractions contained cytosolic components (Supplementary Figure 1-II). On the contrary, α-Glc’ase I activities were detected in F-3 (Supplementary Figure 1-III); therefore, we used F-3 for further preparation of microsomes, which contained mainly ER. F-3 was diluted with Buffer A (35 ml) and centrifuged at 100,000 × g for 3 h. After centrifugation, the resulting precipitates were resuspended and washed in the 13% sucrose-containing buffer (25 ml), and the suspended sample was centrifuged again at 100,000 × g for 3 h. A part of the resulting precipitates were solubilized with 25 mM HEPES-NaOH buffer (1 ml, pH 7.5) containing 0.1% Triton X-100 by ultrasonication. As shown in Figure 1, the solubilized F-3 precipitates contained α-Glc’ase I and II but not ENGase, suggesting that F-3 contained the ER compartment.
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FIGURE 1. High performance liquid chromatography (HPLC) analyses of α-glucosidase I (I) and II (II) and endo-β-N-acetylglucosaminidase (ENGase; III) activities of the microsomes obtained from pumpkin hypocotyls α-Glc’ase I and II activities were assayed using Glc3Man9GlcNAc1-PA (G3M9’) and Glc2Man9GlcNAc1-PA (G2M9’), respectively, as substrates. The reaction mixtures were analyzed by size fractionation (SF)-HPLC, using a Shodex Asahipak NH2P-50 4E column. The ENGase activity was assayed using Man6GlcNAc2-PA (M6B) as a substrate and Man3Xyl1Fuc1GlcNAc2-PA (M3FX) as an internal standard. The reaction mixture was analyzed by reversed-phase (RP)-HPLC, using a Cosmosil 5C18-AR-II column.




Preparation and Pyridylamination of FNGs

The microsome fraction was heated in boiling water for 3 min and then solubilized with 25 mM Tris-HCl buffer (pH 7.5) containing 0.2% SDS by ultrasonication for 15 min. The solubilized samples were desalted using Dowex 1 × 2 resins, and the run-through fraction was pooled and concentrated to approximately 10 ml. The run-though fraction was applied onto a Sephadex G-25 superfine column (2.7 × 33 cm) equilibrated with 0.1 N ammonium water. The oligosaccharide fractions (elution volumes from 61 to 115 ml) were pooled and concentrated to dryness using a rotary evaporator. The residue was suspended in distilled water (approximately 1 ml) and lyophilized. The lyophilized oligosaccharides were pyridylaminated (Natsuka and Hase, 1998). An excess amount of 2-aminopyridine was removed by gel filtration using a Sephadex G-25 Fine (1.8 × 40 cm) in 0.1 M NH4OH. The pyridylaminated oligosaccharides were monitored using a JASCO FP-8200 Fluorescence Spectrometer.



Electrospray Ionization Mass Spectrometry

LC/MS and MS/MS analyses of PA-oligosaccharides were performed using an Agilent 6,500 series HPLC-Chip/QTOF-MS system equipped with a microwell-plate auto sampler (maintained at 10°C), capillary sample loading pump, nanopump, HPLC-Chip interface, and an Agilent 6,520 Q-TOF LC/MS, as described in our previous report (Maeda et al., 2017). A porous graphitized carbon (PGC)-Chip (Agilent Technologies) was used for separation of the PA-sugar chains.




RESULTS AND DISCUSSION


Structural Analysis of FNGs in the Pumpkin Microsomes

Since we confirmed that the microsomal fraction obtained from the pumpkin hypocotyls showed α-Glc’ase I and II activities, but not ENGase activity, as shown in Figure 1, we prepared pyridylaminated oligosaccharides from the 0.1% SDS-extract of the microsomes (mainly ER). First, the pyridylaminated oligosaccharides obtained from the microsomes were partially purified by RP-HPLC, as shown in Figure 2-I. As described in our previous reports (Kimura and Matsuo, 2000; Maeda et al., 2010, 2017), GN1-FNGs were eluted in the run-through or slightly retained fraction (F1, in this RP-HPLC system before 20 min), and GN2-FNGs were eluted in the bound fraction (F2, after 20 min). The PA-oligosaccharides in these two fractions were further analyzed by SF-HPLC. As shown in Figure 2-II, the elution positions of peaks a, b, and c obtained from F1 coincided with those of authentic M7’, M8’, and M9’, respectively, whereas the elution positions of peaks d and e from F2 coincided with those of authentic M8 and M9, respectively. Peaks c and e could be analyzed by electrospray ionization mass spectrometry (ESI-MS), as shown in Supplementary Figures 2, 3. For peak c, a parent ion was observed at m/z 879.8 as a double-charged ion, indicating that this signal was obtained from M9’ (Man9GlcNAc1-PA). All signals obtained from peak c by MS/MS analysis could be assigned to fragment ions from Man9GlcNAc1-PA. For peak e, a parent ion was observed at m/z 981.38 as a double-charged ion, indicating that this signal was obtained from M9 (Man9GlcNAc2-PA). All signals obtained from peak e by MS/MS analysis could be assigned to fragment ions from Man9GlcNAc2-PA. The structures of GN1- and GN2-FNGs in the pumpkin microsomes were further analyzed by exoglycosidase digestion. As shown in Figure 3-I, when the PA-oligosaccharides obtained from F1 and F2, as shown in Figure 2-II, were treated with Endo-H, peaks a, b, and c were not digested, but peaks d and e were digested as shown in Figure 3-II, indicating that peaks d and e represented HMT-GN2-FNGs. However, peaks a, b, and c were converted to M5’ (Man5GlcNAc1-PA) upon α-1,2-Man’ase digestion, indicating that peaks a, b, and c represent Man7GlcNAc1-PA, Man8GlcNAc1-PA, and Man9GlcNAc1-PA, respectively. The positions of peaks d and e were converted to M5 (Man5GlcNAc2-PA) upon α-1,2-Man’ase digestion, indicating that peaks d and e represented Ma8GlcNAc2-PA and Ma9GlcNAc2-PA, respectively. These results indicated that in addition to HMT-GN2-FNGs, HMT-GN1-FNGs (cytosolic ENGase products) occurred in the ER compartments. The yield of these pyridylaminated GN1-FNGs (M7’, M8’, and M9’) was approximately 40 pmol/g hypocotyls, whereas that of GN2-FNGs (M8 and M9) was approximately 30 pmol/g hypocotyls. The total amount of the HMT-GN1/GN2-FNGs obtained by the Con-A affinity chromatography from the soluble fraction (F-1 and F-2) was about 2.7 nmol/g hypocotyl, indicating that the amount of HMT-FNGs obtained from the microsomes was 1/40 of those in the soluble fraction. However, it seems that the amount maybe not reflect the real amount of FNGs occurring in the ER, since it is unlikely that total ERs have been collected during the fractionation process (some part of ERs maybe have been broken). At this moment, therefore, the real amount of FNGs occurring in the ER is obscure.
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FIGURE 2. HPLC profiles of PA-oligosaccharides obtained from pumpkin microsomes. (I) The RP-HPLC profile of crude PA-oligosaccharides obtained from pumpkin microsomes is shown. The PA-oligosaccharides were separated by RP-HPLC using a Cosmosil 5C18-AR-II column. F1 contained GN1-FNGs, whereas F2 contained GN2-FNGs. (II) The SF-HPLC profiles of F1 and F2 obtained in (I). M9’, M8’, and M7’ indicate the elution positions of authentic PA-oligosaccharides (Man9GlcNAc1-PA, Man8GlcNAc1-PA, and Man7GlcNAc1-PA, respectively). M9 and M8 indicate the elution positions of authentic PA-oligosaccharides (Man9GlcNAc2-PA and Man8GlcNAc2-PA, respectively).
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FIGURE 3. Structural analysis of free N-glycans (FNGs) in pumpkin microsomes. (I) SF-HPLC of glycosidase-digested F1. 1, F1 obtained in Figure 1. 2, End-H-digested F1. 3, α-1,2-Man’ase-digested F1. M5’ indicates the elution position of authentic Man5GlcNAc1-PA. (II) SF-HPLC of glycosidase-digested F2. 1, F2 obtained in Figure 1. 2, End-H-digested F1. 3, α-1,2-Man’ase-digested F1. M5 indicates the elution position of authentic Man5GlcNAc2-PA.


Since the microsomes prepared from the pumpkin hypocotyls showed α-Glc’ase I (a soluble enzyme) and α-Glc’ase II (a membrane-bound enzyme) activities, the microsomes probably contained intact ER compartments. The presence of HMT-GN1-FNGs (Man9-7GlcNAc1) in the ER compartments suggested that these HMT-GN1-FNGs produced in the cytosol were retro-transported to the ER from the cytosol through unidentified transporter(s) specific for these free oligosaccharides. If this was true, these HMT-GN1-FNGs, together with well-folded N-glycoproteins, might have been transported to the Golgi apparatus and processed into PCT-GN1-FNGs, as observed in previous reports (Maeda et al., 2010, 2017). Finally, PCT-GN1-FNGs were secreted into the extracellular space, as shown in Figure 4. It appeared that this hypothetical scheme could explain why PCT-GN1-FNGs, which contained the Lewisa epitope [Galβ1-3(Fucα1-4)GlcNAcβ1-], were found in the culture broth, but not in the rice cells (Maeda et al., 2010). Additionally, it is possible that the microsomes prepared in this study contained the Golgi apparatus as a minor component and the HMT-FNGs were obtained from the Golgi apparatus. However, since the Golgi apparatus contains several kinds of α-Man’ases (Liebminger et al., 2009; Kajiura et al., 2010), the HMT-FNGs that occurred in the Golgi apparatus might have been trimmed into smaller N-glycans, such as Man6-4GlcNAc1, but not Man9GlcNAc1. In this study, such smaller size HMT-FNGs (Man6-4GlcNAc1) were not found, but in our previous study (Kimura et al., 2002), the very small amount of M5’ and M6’ in the ER-rich microsome fraction were found, which probably corresponded to F-3 in this study, and contamination of Golgi apparatus in F-3 cannot be completely excluded. Therefore, it seems to be necessary to assay the activities of Golgi-marker enzyme(s) to prove the complete absence or negligible amount of the Golgi apparatus in F3. This result will provide more solid evidence that the predominant occurrences of HMT-GN1-FNGs in the ER. In this study, we focused on HMT-FNGs in the ER, and at this moment it is obscure whether PCT-GN1-FNGs occur in the microsome fraction (F-3), although the amount might be very small if any. The structural analysis of FNGs in F-1 and F-2 is necessary for the next step to confirm whether the Golgi apparatus were mainly fractionated in F-2 but not F-3.
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FIGURE 4. Schematic representation of the putative processing and secretion pathway of plant complex type (PCT)-GN1-FNGs based on the structural features of high-mannose type (HMT)-GN1-FNGs found in pumpkin microsomes is shown. The putative transporter for the HMT-GN1-FNGs produced from the HMT-GN2-FNGs in the cytosol by ENGase has not yet been found.


The HMT-GN2-FNGs, Man9-8GlcNAc2, were also found in the pumpkin microsomes (or the ER compartment) in this study, suggesting that two putative mechanisms could be considered. One is that these GN2-FNGs were formed as byproducts during the transfer of Glc1Man9GlcNAc2 from the dolichol-oligosaccharide intermediates to the nascent polypeptides by OST (Harada et al., 2015), and the other is that, along with HMT-GN1-FNGs (ENGase products), the HMT-GN2-FNGs produced by cPNGase from misfolded glycoproteins were transported back to the ER. However, considering that the reaction rate of ENGase for HMT-GN2-FNG generation is very fast and the GN1-FNG concentration is greater than the GN2-FNG concentration (Kimura et al., 2002), the former mechanism appears to be more likely in plant cells, as shown in Figure 5. Furthermore, we recently confirmed that HMT-FNGs and PCT-FNGs occurred in a mutant line of Arabidopsis thaliana, in which one cPNGase and two ENGase genes were completely knocked out, indicating that HMT-GN2-FNGs were generated without cPNGase activity and converted into PCT-FNGs through the Golgi apparatus via a certain pathway (Shirai et al., 2019).

[image: Figure 5]

FIGURE 5. Schematic representation of the putative processing and secretion pathway of PCT-GN2-FNGs based on the structural features of HMT-GN2-FNGs found in pumpkin microsomes is shown. These PCT-GN2-FNGs have been found in soybean seedlings (Kimura and Kitahara, 2000), a freshwater plant (Egeria densa; Maeda et al., 2017), and the culture broth of rice cells (Maeda et al., 2010).


The putative transporter(s) responsible for the retro-transportation of HMT-GN1-FNGs from the cytosol to the ER have not yet been identified, and the identification of such glycan-specific transporter(s) is a prerequisite to evaluate our hypothesis or reveal the degradation mechanism of GN1-FNGs formed during plant ERAD.
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Supplementary Figure 1 | Preparation of microsomes mainly containing the ER compartments from pumpkin hypocotyls. (I) Composition of the sucrose-containing separation buffer used for microsome preparation by ultracentrifugation is shown. After ultracentrifugation (100,000 × g for 3 h), the samples were fractionated, as shown in the right figure. (II) HPLC analyses of the ENGase and α-Glc’ase I activities of the pumpkin microsomes obtained by the first ultracentrifugation were performed. α-Glc’ase I activity was assayed using Glc3Man9GlcNAc1-PA (G3M9’) as a substrate. The reaction mixtures were analyzed by SF-HPLC using a Shodex Asahipak NH2P-50 4E column. The ENGase activity was assayed using Man6GlcNAc2-PA (M6B) as a substrate and Man3Xyl1Fuc1GlcNAc2-PA (M3FX) as an internal standard. The reaction mixture was analyzed by RP-HPLC using a Cosmosil 5C18-AR-II column. Significant ENGase activity was found in F-1 in I, whereas significant α-Glc’ase I activity was found in F-3 in I.

Supplementary Figure 2 | ESI-MS analysis of peak c obtained from F1 (as obtained in Figure 2-II). (I) ESI-MS analysis of peak c obtained in Figure 2-II. (II) MS/MS analysis of a signal at m/z 879.8 [M + 2H]2+.


Supplementary Figure 3 | ESI-MS analysis of peak e obtained from F2 (as obtained in Figure 2-II). (I) ESI-MS analysis of peak e, as obtained in Figure 2-II. (II) MS/MS analysis of a signal at m/z 981.3 [M + 2H]2+.
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GLOSSARY




	TERM
	Definition


 
	ER 
	Endoplasmic reticulum 


 
	ERAD 
	ER-associated degradation 


 
	ENGase 
	Endo-β-N-acetylglucosaminidase 


 
	cPNGase 
	Cytosolic peptide:N-glycanase 


 
	OST 
	Oligosaccharyltransferase 


 
	α-Glc’ase I 
	α-Glucosidase I (ER α-1,2-glucosidase) 


 
	α-Glc’ase II 
	α-Glucosidase II (ER α-1,3-glucosidase) 


 
	α-1,2-Man’ase 
	α-1,2-Mannosidase 


 
	FNG 
	Free N-glycan 


 
	GN1-FNG 
	Free N-glycan bearing one GlcNAc residue at the reducing end 


 
	GN2-FNG 
	Free N-glycan bearing two GlcNAc residues at the reducing end 


 
	HMT-FNG 
	High-mannose type FNG 


 
	PCT-FNG 
	Plant complex type FNG 


 
	Lea
 
	Lewis a 


 
	PA- 
	Pyridylamino 


 
	RP-HPLC 
	Reversed-phase HPLC 


 
	SF-HPLC 
	Size-fractionation HPLC 


 
	ESI-MS 
	Electrospray ionization mass spectrometry 


 
	Glc 
	D-Glucose 


 
	Man 
	D-Mannose 


 
	GlcNAc 
	
N-acetyl-D-glucosamine 


 
	Xyl 
	D-Xylose 


 
	Fuc 
	L-Fucose 


 
	M6B 
	Manα1-6(Manα1-3)Manα1-6(Manα1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc-PA 


 
	M3FX 
	Manα1-6(Manα1-3)(Xylβ1-2)Manβ1-4GlcNAcβ1-4(Fucα1-3)GlcNAc-PA 


 
	G3M9’ 
	Manα1-2Manα1-6(Manα1-2Manα1-3)Manα1-6(Glcα1-2Glcα1-3Glcα1-3Manα1-2Manα1-2Manα1-3)Manβ1-4GlcNAc-PA 


 
	G2M9’ 
	Manα1-2Manα1-6(Manα1-2Manα1-3)Manα1-6(Glcα1-3Glcα1-3Manα1-2Manα1-2Manα1-3)Manβ1-4GlcNAc-PA 


 
	Mn’ 
	MannGlcNAc1-PA 


 
	Mn 
	MannGlcNAc2-PA 
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Nicotiana tabacum Bright Yellow-2 (BY-2) suspension cells are among the most commonly used plant cell lines for producing biopharmaceutical glycoproteins. Recombinant glycoproteins are usually produced with a mix of high-mannose and complex N-glycans. However, N-glycan heterogeneity is a concern for the production of therapeutic or vaccine glycoproteins because it can alter protein activity and might lead to batch-to-batch variability. In this report, a BY-2 cell line producing glycoproteins devoid of complex N-glycans was obtained using CRISPR/Cas9 edition of two N-acetylglucosaminyltransferase I (GnTI) genes, whose activity is a prerequisite for the formation of all complex N-glycans. The suppression of complex N-glycans in the GnTI-knocked out (KO) cell lines was assessed by Western blotting. Lack of β1,2-xylose residues confirmed the abolition of GnTI activity. Unexpectedly, α1,3-fucose residues were still detected albeit dramatically reduced as compared with wild-type cells. To suppress the remaining α1,3-fucose residues, a second genome editing targeted both GnTI and α1,3-fucosyltransferase (FucT) genes. No β1,2-xylose nor α1,3-fucose residues were detected on the glycoproteins produced by the GnTI/FucT-KO cell lines. Absence of complex N-glycans on secreted glycoproteins of GnTI-KO and GnTI/FucT-KO cell lines was confirmed by mass spectrometry. Both cell lines produced high-mannose N-glycans, mainly Man5 (80 and 86%, respectively) and Man4 (16 and 11%, respectively). The high degree of N-glycan homogeneity and the high-mannose N-glycosylation profile of these BY-2 cell lines is an asset for their use as expression platforms.

Keywords: glyco-engineering, plant suspension cells, oligomannose N-glycans, CRISPR/Cas9, molecular farming, N-acetylglucosaminyltransferase I, α1, 3-fucosyltransferase


INTRODUCTION

Developing a recombinant glycoprotein production platform in plants with simplified and homogenized N-glycan repertoire represents a key step to design new, highly efficient vaccines and therapeutic glycoproteins. Indeed, production of recombinant glycoproteins usually results in a mix of glycoforms that can display different levels of activity or immunogenicity (Sola and Griebenow, 2010; Lavine et al., 2012; Hariharan and Kane, 2020). Identifying and expressing the most efficient glycoforms could also improve the quality of the product as well as simplify the control of batch-to-bach reproducibility. Impairing the synthesis of complex N-glycans, responsible for most of the N-glycan diversity, in order to produce only high-mannose N-glycans (Man4–Man9) is a powerful strategy to homogenize the N-glycan repertoire. N-acetylglucosaminyltransferase I (GnTI) is a key Golgi-resident enzyme essential for the processing of high-mannose to hybrid and complex N-glycans (Supplementary Figure 1). GnTI transfers an N-acetylglucosamine (GlcNAc) residue from UDP-GlcNAc to the acceptor substrate Man5 to produce GnMan5, which is a prerequisite for the subsequent action of all other processing enzymes (Strasser, 2016). The GnTI single-pass transmembrane domain is responsible for the steady-state distribution in the cis/medial-Golgi (Essl et al., 1999; Schoberer et al., 2014, 2019). Since GnTI is required to generate all complex N-glycans, inactivation of GnTI in plants has been carried out. It allows N-glycan repertoire simplification of produced recombinant glycoproteins and also the suppression of all non-human residues, i.e., β1,2-xylose and α1,3-fucose found on complex N-glycans. Another approach to produce recombinant glycoproteins with unprocessed high-mannose N-glycans is to prevent trafficking through the Golgi by the addition of a C-terminal H/KDEL sequence (Fujiyama et al., 2009).

The first GnTI mutants in plants were isolated in Arabidopsis thaliana from a pool of random mutagenized seeds (von Schaewen et al., 1993). The complex glycan-less1 allele 1 (cgl1-1) mutant lacks GnTI activity and cDNA sequencing identified the point mutation Asp144Asn, which introduced an extra N-glycosylation site impairing the GnTI folding (Strasser et al., 2005; Frank et al., 2008). Early reports of the cgl1-1 mutant did not detect any complex N-glycans on glycoproteins of plant extracts, with the predominant type of glycans being Man5 (75%) (Strasser et al., 2005). However, the cgl1-1 mutant enzyme recovers its activity when the wrong N-glycosylation site is skipped (e.g., under stress, in certain developmental stages, or in the stt3a background, for the latter see Frank et al., 2008). A. thaliana cgl1-1 plants growth and morphology were not affected under normal conditions but were more impacted by salt stress than wild-type (WT) plants (Kang et al., 2008). A decrease in photosynthetic capacity of the cgl1-1 mutant was also reported (Jiao et al., 2020). Many enzymes used as therapeutics for lysosomal storage diseases require phosphorylated high-mannose N-glycans for their targeting to the lysosomes (Grubb et al., 2010). Hence, the human lysosomal enzymes glucocerebrosidase and α-L-iduronidase were produced in cgl1-1 seeds and showed a large proportion of high-mannose-type N-glycans (85–94%), predominantly Man5. Nonetheless, significant amounts of MMXF (9–3.8%), Man5F (3.1–0.4%), GnMXF (2.7–0%) or MMX(0–1.3%) on specific N-sites were also produced, suggesting the presence of a residual GnTI activity in these seeds (He et al., 2011, 2013; Pierce et al., 2017). The cgl1-2 mutant (translational frameshift) also lacked GnTI activity (von Schaewen et al., 1993; Frank et al., 2008). Analysis of the activation associated secretory protein 1 produced in cgl1-2 seeds showed only high-mannose glycans (Piron et al., 2015), suggesting a total loss of GnTI activity.

The rice gnt1 mutant line (SAI3G12) contains a T-DNA insertion in the sixth exon/intron junction of GnTI leading to the absence of native GnTI transcripts (Fanata et al., 2013). As a result, only high-mannose N-glycans were identified. In contrast with the A. thaliana cgl1 mutants, rice gnt1 plants displayed a severe growth phenotype, resulting in early lethality under normal culture conditions. These plants showed a reduction in the cell wall thickness and cellulose content and were insensitive to cytokinin signaling. A rice suspension line was derived from a gnt1 plant and used to produce the recombinant human acid α- or β-glucosidase. Only mannosylated N-glycans were detected on the two recombinant proteins secreted in the culture medium, with a high proportion of Man5 (58% for α-glucosidase and 80% for β-glucosidase) (Jung et al., 2017, 2019).

Several mutants in key enzymes of the N-glycosylation pathway were selected from the Lotus japonicus retrotransposon 1 insertion population (Pedersen et al., 2017). The Ljgnt I mutated plants showed a severely altered growth phenotype, as they predominantly died before the flowering stage. Minimizing the biotic and abiotic stress increased the number of Ljgnt I mutants entering the reproduction stage. These results confirmed the differences in tolerance to GnTI inactivation between plant species and highlighted the implication of complex N-glycans in stress resistance.

GnTI knock down in Nicotiana benthamiana plants were generated in two different studies by RNAi-mediated silencing. In the first one, GnTI activity was below the detection limit (3%) in one line but sufficient for the synthesis of complex N-glycans in amounts comparable to WT plants as no impact on the N-glycan repertoire was observed. Complex N-glycans still accounted for 80% of total N-glycans (Strasser et al., 2004a). It was hypothesized that low GnTI expression and activity were sufficient to maintain complex N-glycans synthesis. On the other hand, transgenic plants showing a strong reduction in complex N-glycans abundance (with only 9% of all N-glycan structures as compared to 89% in WT plants) were obtained in the second study (Limkul et al., 2016). No altered growth phenotype was observed in those plants when compared to WT plants. Glycoproteomics analysis of the purified glucocerebrosidase expressed in this mutant background showed a large proportion of high-mannose-type N-glycans (73–85%), predominantly Man5, on the four N-sites, but also the presence of significant amounts of paucimannose N-glycans with β1,2-xylose and α1,3-fucose residues, suggesting a residual GnTI activity (Limkul et al., 2015, 2016).

Reduction of NtGnTI activity in Nicotiana tabacum was obtained by gene silencing using the antisense technology and evaluated by immunoblot analysis using a complex glycan antiserum on leaf extracts. Transformants showed substantial reduction in complex glycan detection compared with untransformed controls but the reduction of intensity varied according to the leaf age and developmental stage (Wenderoth and von Schaewen, 2000).

Preventing GnTI expression in plants thus results in altered phenotype at least under stress conditions. Suspension cells might offer an interesting alternative for the expression of recombinant glycoproteins. N. tabacum Bright Yellow-2 (BY-2) suspension cells are characterized by a short culture cycle, easy scaling up in bioreactors, low risk of contamination by human pathogens and the possibility to purify secreted recombinant proteins directly from the culture medium (Tekoah et al., 2015; Santos et al., 2016). BY-2 cells have already been used to express several pharmaceutical glycoproteins such as antibodies (De Muynck et al., 2009; Holland et al., 2010; Magy et al., 2014), a viral glycoprotein (Smargiasso et al., 2019) or human enzymes (Hanania et al., 2017; Ilan et al., 2017). In this study, we report on the identification and characterization of two GnTI genes in the N. tabacum BY-2 genome. Both were inactivated through a multiplex CRISPR/Cas9 gene edition, which resulted in the non-detection of complex N-glycans to the benefit of high-mannose N-glycans, mainly the glycoform Man5. However, traces of α1,3-fucose residues were detected on glycoproteins by Western blotting. To eliminate thoroughly this non-human residue, GnTI and fucosyltransferase (FucT) genes were inactivated simultaneously. This combined inactivation resulted in a BY-2 cell line with high-mannose N-glycans and no detectable α1,3-fucose. Generation of this BY-2 cell line capable of producing glycoproteins with a high-mannose profile is a powerful tool to improve our understanding of the impact of those N-glycans on the properties of vaccinal and biotherapeutic glycoproteins.



MATERIALS AND METHODS


N. tabacum BY-2 Cell and Nicotiana Plants Culture

N. tabacum cv. BY-2 suspension cells (Nagata et al., 1992) were grown in the dark at 25°C with agitation on a rotary shaker (90 rpm) in liquid MS medium [4.4 g/L Murashige and Skoog salts (MP BIOMEDICALS, Solon, OH, United States), 30 g/L sucrose, 0.2 g/L KH2PO4, 2.5 mg/L thiamine, 50 mg/L myo-inositol, and 0.2 mg/L 2,4-dichlorophenoxyacetic acid, pH 5.8 (KOH)]. Cultures were grown in 50 mL of medium in a 250 mL Erlenmeyer flask and an 8% inoculum was transferred each week into fresh medium. Transformed cells were grown on MS agar plates supplemented with 100 μg/mL kanamycin. Samples used for genomic analyses and Western blot screening were harvested from liquid cultures obtained after at least two passages on solid selective medium (1–2 months) and at least two passages in liquid selective medium. Lines used for MS analyses were checked by Western blotting and the same profile was invariably observed.

Nicotiana tomentosiformis, N. sylvestris, and N. tabacum seeds were purchased from Bergerac Seed and Breeding. They were germinated and grown in soil under controlled conditions (25°C, 16 h photoperiod).



Extraction of Genomic DNA

Genomic DNA was extracted from 7-day-old BY-2 cells filtered on four layers of Miracloth (Calbiochem) or from plant leaf material using the Wizard Genomic DNA Purification Kit (Promega).



Characterization of GnTI Orthologs and Analysis of Genome Modifications

Genomic DNA was amplified by PCR using Q5 High-Fidelity DNA Polymerase (New England Biolabs) and the primers listed in Supplementary Table 1. The PCR products were separated by gel electrophoresis on 1% agarose gel, purified, cloned into the pGEM-T Easy vector (Promega), and sequenced.



RNA Extraction and RT-PCR

RNA extraction was carried out using the Spectrum Plant Total RNA Kit (Sigma). cDNAs were obtained using M-MLV Reverse Transcriptase (Promega). PCR amplification was performed with Q5 High-Fidelity DNA Polymerase (New England Biolabs) and the primers listed in Supplementary Table 1. PCR products were purified and sequenced.



GnTI and FucT Gene Accessions

GenBank mRNA accessions are: NtGnTI.A (AJ249882), NtGnTI.B (AJ249883), NsGnTI (XM_009803697 and XM_009776507), NtoGnTI (XM_009610507), FucTA (XM_016657530), FucTB (XM_016620229), FucTC (NM_001324945), and FucTD (XM_016585847).



Cas9 and gRNA Binary Plasmid Construction

The four guide RNAs (gRNAs) targeting GnTI were obtained by fusing the CRISPR RNA (crRNA) sequence (Supplementary Table 2) to the trans-activating crRNA (tracrRNA) optimized by Dang et al. (2015). These gRNAs target exons 1, 3, 13, and 14 at sites conserved in all identified transcript variants of the two NtGnTI orthologs. crRNAs were chosen to minimize the risk of off-targets using the Cas-OFFinder tool (Bae et al., 2014). Moreover, crRNAs with high minimum free energy (−1 to 0 kcal/mol) were selected since crRNA secondary structures can greatly hinder edition efficiency. A transfer RNA (tRNA) was placed before each gRNA to generate a polycistronic tRNA-gRNA (PTG) under the control of the A. thaliana U6 promoter (Xie et al., 2015).

The polycistronic tRNA-gRNA targeting GnTI (GnTI.PTG) flanked with StuI and XhoI restriction sites, was synthesized (Genscript) and cloned into a pUC57 vector. The FucT/XylT.PTG of pPAM-FX-KO (Jansing et al., 2019) was replaced by the GnTI.PTG using StuI-XhoI digestion to generate the pPAM-GnTI-KO plasmid, which also contains a plant codon optimized cas9 with a potato IV2 intron controlled by a hybrid 35SPPDK promoter (Li et al., 2013) and the selectable marker gene nptII (Figure 1A). Cassettes are separated from each other by a N. tabacum Rb7 scaffold attachment region (SAR) genetic insulator. Complete sequence between left and right borders is given in Supplementary Figure 2.


[image: image]

FIGURE 1. Schematic representation of the two plant transformation vectors. (A) pPAM-GnTI-KO (B) pPZP-GnTI/FucT-KO. SAR, N. tabacum Rb7 scaffold attachment region (genetic insulator); nptII, neomycin phosphotransferase II; pcoCas9, plant codon-optimized cas9; PTG, polycistronic tRNA-gRNA; codA, cytosine deaminase A.


To generate GnTI/FucT-KO cell lines, a pPZP-RCS2 binary plasmid (Goderis et al., 2002) containing the knockout constructs was prepared (Figure 1B). The pPZP-GnTI/FucT-KO contains pcocas9, nptII, mCherry reporter gene, the negative selectable marker cytosine deaminase A (Stougaard, 1993), the two PTG and loxP sites at both ends of the T-DNA. GnTI.PTG obtained above and FucT.PTG (Mercx et al., 2017) were cloned into I-CeuI and PI-PspI restriction sites, respectively. Complete sequence between left and right borders is given in Supplementary Figure 3.



BY-2 Cell Transformation

Biolistic particle delivery was carried out with the plasmid pPAM-GnTI-KO. Four milliliters of three-day-old BY-2 cells were vacuum filtered on a Whatman n°4 filter and the cells were transferred on solid MS medium. The next day, plasmid DNA (2 μg) was precipitated on 600 μg of 0.6 μm diameter gold beads (Bio-Rad) and the cells on the filter were bombarded under a 28-inch Hg vacuum (95 kPa), using a 1,100 PSI (7,600 kPa) rupture disk, at a shooting distance of 4 cm with a Biolistic PDS1000/He device (Bio-Rad). The filter was kept on solid MS medium for three days at 25°C under dark conditions. Filters were then transferred onto kanamycin-supplemented MS medium. After four to five weeks, the growing calli were transferred on new solid kanamycin-supplemented MS medium.

Agrobacterium tumefaciens LBA4404VirG-mediated transformation of BY-2 cells was carried out with the plasmid pPZP-GnTI/FucT-KO as described in Navarre et al. (2006).



SDS-PAGE and Western Blotting Analysis of Proteins

For extracellular protein glycosylation analysis by Western blot, 2 mL of a 7-day-old BY-2 culture in MS medium were filtered on three layers of Miracloth (Calbiochem) and 40 μL of the filtrate were directly analyzed by reducing SDS-PAGE. Filtered BY-2 cells were used to harvest total soluble cellular proteins (TSCPs). Cell packs were transferred into a 2 mL micro tube (Sarstedt) containing 0.5 g of glass beads (0.85–1.23 mm) and 700 μL of homogenization buffer (250 mM sorbitol, 60 mM Tris–HCl, 2 mM Na2EDTA, pH 8.0) supplemented with 1 mM phenylmethylsulfonylfluoride (PMSF), and protease inhibitor cocktail (leupeptin, aprotinin, antipain, pepstain, and chymostain, each at 2 μg/mL). Cell grinding was performed for 3 × 40 s at 5,000 rpm (PrecellysTm24 Control Device, Bertin Technologies) with 2 min pauses on ice. The samples were centrifuged first for 5 min at 5,000 rpm at 4°C (Eppendorf Centrifuge 5417C), then for 7 min at 9,400 rpm at 4°C, and finally for 15 min at 54,000 rpm at 4°C (Optima MAX ultracentrifuge, Beckman Coulter). The protein concentration in the supernatant was quantified by Bradford assay and 12 μg TSCP were analyzed by reductive SDS-PAGE (4–20% polyacrylamide). Gels were either stained with Coomassie Brilliant Blue G-250 (SERVA, Heidelberg, Germany) or transferred onto a PVDF membrane (Millipore, Billerica, MA, United States) for Western blotting. The PVDF membrane was incubated with the primary antibodies against β1,2-xylose (monoclonal antibody, Agrisera AS07 267; dilution 1:5,000) or α1,3-fucose (monoclonal antibody, Agrisera AS07 268; dilution 1:5,000) or a mix of both. Secondary horseradish peroxidase (HRP)-conjugated antibodies against rabbit IgG (dilution 1:10,000) were used for extracellular proteins samples. The signals were analyzed using a Kodak Image Station 4000R (Eastman Kodak company, Rochester, NY, United States). HRP-conjugated antibodies were not used for TSCP analysis because of a strong signal attributed to intracellular endogenous peroxidase activity. Rather, secondary alkaline phosphatase-conjugated antibodies against rabbit IgG (dilution 1:10,000) were used.


Sample Preparation for MALDI Mass Spectrometry N-Glycan Identification

For the mass spectrometry analysis, cultures were grown in liquid D11b medium (Vasilev et al., 2013) without cyclodextrin for 10 days in 50 mL of medium in 250 mL Erlenmeyer flasks. Extracellular proteins were collected by filtration on three layers of Miracloth (Calbiochem), then centrifuged at 8,000 g for 30 min, and precipitated by salting-out as previously described in Smargiasso et al. (2019) with the following minor adaptations: solid (NH4)2SO4 was slowly added to the culture medium with stirring at room temperature to 55% saturation and the solution was then kept for 2 h at 4°C and centrifuged at 3,000 g for 40 min at 4°C. The pellet was solubilized in 140 μL of PBS buffer and desalted on a PD-10 filtration column (GE Healthcare, Uppsala, Sweden) equilibrated with PBS buffer.

Ribonuclease B from bovine pancreas was used as a positive control sample and was prepared using the same procedure as for the glycoprotein samples from BY-2 cells. The samples were first centrifuged at 8,000 g for 5 min at 4°C, the supernatant was filtered on Amicon 3 kDa and the protein content assessed using the RC DC protein essay kit (Bio-Rad). Reduction of 350 μg proteins was performed in 50 mM (NH4)2CO3 and 10 mM of dithiothreitol at 56°C for 40 min at 650 rpm in a thermoshaker. Then alkylation of cysteinyl residues was performed using 20 mM C2H4INO at RT for 40 min at 650 rpm using a thermoshaker. 2D clean up purification kit (GE Healthcare Life Sciences) was used while the extra washing step (using wash additive) was skipped. Pellets containing proteins were resolubilized in 50 mM (NH4)2CO3 (pH 7.5) before trypsin digestion (protein:trypsin ratio of 50:1) at 37°C for 16 h at 600 rpm. The samples were freeze-dried using SpeedVac centrifugal evaporator and a second trypsin digestion was performed at 37°C in 80% acetonitrile using 100:1 protein:trypsin ratio for 3 h at 600 rpm. Trypsin was inactivated at 90°C for 2 min.

In order to guarantee the removing of all N-glycans of interest, a two-step enzymatic release of the N-glycans was performed on the trypsin digested samples using first 3 U per 100 μg proteins of PNGase F (Roche, discontinued product) dissolved in 50 mM (NH4)2CO3 (pH 8) at 37°C for 16 h. Samples were freeze-dried and resolubilized in 48.3 mM C6H8O7 and 103.3 mM NaH2PO4.H2O buffer (pH 5). The second deglycosylation step was performed with 0.2 mU of PNGase A (Roche, discontinued product) per 100 μg proteins at 37°C for 16 h at 650 rpm. Samples were stored at −20°C after freeze-drying using a SpeedVac centrifugal evaporator.

The N-glycans fraction was separated from the peptide fraction using Waters Sep-Pack SPE C18 cartridges after being reconditioned using 5 mL of pure methanol, then 5 mL of 5% acetic acid, 5 mL of pure isopropanol and finally 15 mL of 5% acetic acid. Samples were loaded on the cartridge after solubilizing the dried residue in 200 μL of 5% acetic acid. N-glycans were eluted in the 3 mL of 5% acetic acid mobile phase. All the samples were freeze-dried and kept at −20°C. The N-glycans containing fraction was desalted using H-cartridges (PROzyme, Agilent) after being reconditioned following the manufacturer recommendations. Desalted N-glycans elution was performed as follows: 3 mL of ultrapure water (discarded), 3 mL of 5% acetonitrile and 0.1% trifluoroacetic acid (discarded), and 4 × 0.5 mL of 50% acetonitrile and 0.1% trifluoroacetic acid. These collected fractions were freeze-dried and kept at −20°C.

The labeling of N-glycans was then performed using a mixture of 31.5 mg of 2-aminobenzamide (2-AB) and 31.5 mg of NaBH3CN in 650 μL of 10 volumes DMSO: 3 volumes glacial acetic acid. Ten microliters of this mixture was added to the dried N-glycan fraction and incubated for 2 h at 65°C under 1,200 rpm agitation using a thermoshaker. The 2-AB labeled N-glycans were purified using S-cartridges (PROzyme, Agilent) following the manufacturer recommendations and eluted using 3 × 0.5 mL of ultrapure water in Pyrex tubes. The samples were freeze-dried using centrifugal evaporator and kept at −20°C.


MALDI-mass spectrometry identification of 2-AB labeled N-glycans

The purified 2-AB labeled N-glycans were resolubilized in 10 μL of 50% acetonitrile spiked with 0.1% formic acid and vigorous vortexed in 0.6 mL Eppendorf tube. One microliter of 2-AB labeled N-glycan and 1 μL of 2,5-dihydroxybenzoic acid solution (20 mg/mL of 2,5-dihydroxybenzoic acid in 50% acetonitrile and 0.1% formic acid) were mixed and spotted (dried-droplet method) on a MALDI plate Anchorchip384BC fitted on its plate adapter (Bruker) and dried at RT. MALDI mass spectra were obtained using a SolariX XR 9.4T FT-ICR (Bruker) fitted with the dual ESI/MALDI source and Smartbeam LASER. The mass range was set from 150 to 3,500 m/z using 4 megawords acquisition, resulting in an average mass resolving power (FWMH) of about 150,000 at m/z ≈1,100. Two hundred laser shots per scan in small focus mode were selected at the rate of 2,000 Hz. Red P (Sladkova et al., 2009) was used to optimize the ion transmission of m/z going from 800 to 3,000. The MALDI FT-ICR was mass calibrated using Red P and the peptide calibration standard II (Bruker). Mass calibration was checked using the m/z determination of high mannose N-glycans released from ribonuclease B. Several replicates of mass spectra were acquired using 12 scan accumulation mode to attempt the detection of minor N-glycans. The data were manually processed using DataAnalysis v5.0 software (Bruker). Only peaks with an intensity higher than 1.4 × 106 were considered. The ion mass lists were manually generated based on the GlycoMod tool (Cooper et al., 2001, 2003) using proton and sodium adducts as potentially detected N-glycans1. Mass accuracy (0.1 Da) was used to refine the list of identified N-glycans and to manually annotate the mass spectra.



RESULTS


Identification of N-Acetylglucosaminyltransferase I Genes in N. tabacum

N. tabacum is an allotetraploid species resulting from the cross between N. tomentosiformis and N. sylvestris (Yukawa et al., 2006). The NtGnTI orthologs derived from N. tomentosiformis and N. sylvestris will be referred to as NtGnTI.A and NtGnTI.B, respectively, nomenclature previously proposed for NtSBT1 genes (Navarre et al., 2012), and NtFucT or NtXylT genes (Mercx et al., 2017). The NtGnTI.A and NtGnTI.B cDNAs have already been identified from N. tabacum cDNA leaf libraries (Strasser et al., 1999; Wenderoth and von Schaewen, 2000). Blast analysis on the four N. tabacum genome assemblies (TN90, BX, K326, and Nitab 4.5) as well as the N. tomentosiformis and N. sylvestris genomes2 identified the GnTI.A full-length gene in all four N. tabacum cultivars (Ntab-TN90_AYMY-SS16267) and in N. tomentosiformis (Ntom_KB953441.1). On the other hand, the GnTI.B gene was found to be split into three contigs in N. tabacum TN90 and BX cultivars (Ntab-TN90_AYMY-SS68155: exons 1-11, Ntab-TN90_AYMY-SS133799: exon 12-18, Ntab-TN90_AYMY-SS242176: exon 19), and in two contigs in N. sylvestris (Nsyl_KD955459.1: exons 1-11 and Nsyl_KD976298.1: exons 12-19). Both NtGnTI genes were also annotated in NCBI database: NtGnTI.A (NCBI gene ID: 107789589) consists of 19 exons spanning on a 12.5 kb genomic sequence (Figure 2A), while NtGnTI.B (gene ID: 107800221) is incomplete since the annotated contig covers only the exons 1 to 10.


[image: image]

FIGURE 2. Characterization of Nicotiana GnTI genes. (A) Schematic representations of NtGnTI.A and NtGnTI.B genomic sequences. Black rectangles: exons; gray rectangles: 3′UTR; horizontal arrows: primers; vertical arrows: guide RNA target sites; dotted line: interrupted genomic sequence. Note that intron 11 is extended in NtGnTI.B. (B) PCR amplification of genomic DNA with the non-specific GnTI primers [Ex6F and Ex15R]. Bands are expected at 3.8 kb (GnTI.A) and 8.6 kb (GnTI.B). (C) PCR amplification of genomic DNA with GnTI.B-specific primers [BIn8F and BIn12R]. GnTI.B-specific amplification band is detected at 7.2 kb. (D) PCR amplification of cDNAs with GnTI.A and GnTI.B-specific primers [(A/B)Ex1F and (A/B)Ex19R]. The amplicon size is 1.56 kb. N.to: N. tomentosiformis; N.sy: N. sylvestris; N.ta: N. tabacum.


To compare the GnTI.A and GnTI.B genomic regions between exons 11 and 12, genomic DNA was extracted from the three Nicotiana plants as well as from BY-2 cells. Next, the GnTI region spanning exons 6 to 15 was amplified using non-specific primers [Ex6F and Ex15R] (Figure 2B). The expected 3.8 kb amplicon, corresponding to GnTI.A, was detected for N. tomentosiformis, N. tabacum and BY-2 cells. An 8.6 kb amplicon, corresponding to GnTI.B, was detected for N. sylvestris and, although less intense, for N. tabacum but not for BY-2 cells. Amplification of the region spanning intron 8 to intron 12 was carried out using GnTI.B specific primers [BIn8F and BIn12R] (Figure 2C). Sequencing analysis showed that introns 11 of NtGnTI.B (Supplementary Figure 4) and NsGnTI.B were 5.4 kb long, while introns 11 of NtGnTI.A and NtoGnTI.A were only 0.4 kb long. NtGnTI.A and NtGnTI.B intron 11 sequences were aligned and the 5 kb sequence specific to NtGnTI.B was blasted on the N. tabacum TN90 genome. Two hundred fifty contigs (with an expect score lower than 10–10) were identified, showing the presence of numerous sequences highly similar to NtGnTI.B intron 11 in the N. tabacum genome. In silico analysis of NtGnTI.B intron 11 sequence revealed the presence of three ORFs of 447, 183, and 507 codons (Supplementary Figure 4), which are associated with the retrovirus-related Pol polyprotein from transposons TNT 1–94, RE1 or RE2 from Vitis vinifera. Taken together, these results suggest that the extended intron 11 in NtGnTI.B is due to a transposition event.

To assess the expression of both NtGnTI orthologs, RNA was extracted from the leaves of the three Nicotiana plants and from BY-2 cells, and analyzed by RT-PCR, using primers specific to each ortholog (Figure 2D). GnTI.A-specific primers [AEx1F and AEx19R] amplified the expected 1.56 kb band for N. tomentosiformis and N. tabacum plants as well as BY-2 cells. On the other hand, GnTI.B-specific primers [BEx1F and BEx19R] only gave the expected 1.56 kb band for N. sylvestris and N. tabacum plants but not for BY-2 cells. This is corroborated by BY-2 cells RNAseq data (Ahmed et al., 2020) in which no cDNA encoding GnTI.B was detected. The five GnTI cDNAs were sequenced. The coding nucleotide sequences of NtGnTI.A and NtGnTI.B from N. tabacum leaves were identical to the N. tabacum cDNAs A4 and A9 already described in the literature (Wenderoth and von Schaewen, 2000). In addition, NtGnTI.A sequences obtained from N. tabacum leaves and BY-2 cells were identical to the sequence identified in BY-2 cells RNAseq data. Finally, the NsGnTI sequence was identical to the database sequences (XM_009803697 and XM_009776507) whereas NtoGnTI displayed a single mutation (Thr175Ala), compared to the database sequence (XM_009610507).



Generation, Screening, and Characterization of BY-2 GnTI-KO Cell Lines

Four guide RNAs (gRNAs) were designed to inactivate both NtGnTI.A and NtGnTI.B by targeting exons 1, 3, 13, and 14 (Supplementary Table 2). A transfer RNA (tRNA) was placed before each gRNA to generate a polycistronic tRNA-gRNA (GnTI.PTG). Once the PTG is transcribed, individual gRNAs are expected to be released by the endogenous tRNA processing machinery (Xie et al., 2015). The GnTI.PTG construct was cloned into a pPAM plasmid containing a plant codon-optimized Cas9 (Jansing et al., 2019) to generate the pPAM-GnTI-KO plasmid (Figure 1A and Supplementary Figure 2). BY-2 cells were transformed with the pPAM-GnTI-KO construct using biolistics. After selection on kanamycin-supplemented medium, 36 transgenic lines were screened for N-glycosylation profile modification. The extent of complex N-glycan suppression was first assessed by analyzing the N-glycosylation profile of the proteins secreted in the culture medium by Western blotting combining antibodies recognizing β1,2-xylose and α1,3-fucose epitopes. Complete inactivation of GnTI by genome editing was expected to suppress the synthesis of all complex N-glycans and thereby incorporation of β1,2-xylose and α1,3-fucose residues. Thirty-one out of 36 cell lines showed a dramatic and similar reduction of complex N-glycan-associated signal as compared with the WT cell line (Supplementary Figure 5 and data not shown). However, none of the cell lines displayed a total absence of signals as observed for the XylT/FucT-KO cell line used as a control (Mercx et al., 2017). Four GnTI-KO lines (GnTI-KO#2, 23, 27, 30) were further analyzed using either anti-β1,2-xylose or anti-α1,3-fucose antibodies (Figure 3A). While no signal corresponding to β1,2-xylose could be detected, an α1,3-fucose-specific signal was detected in all four GnTI-KO lines, but with a 30 to 100-fold lower intensity compared with the WT cell line. Similar results were obtained when TSCPs were analyzed by Western blotting (Figure 3B).
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FIGURE 3. Absence of β1,2-xylose and reduction of α1,3-fucose on glycoproteins from the GnTI-KO BY-2 cell lines. Secreted proteins (40 μL culture medium) (A) or total soluble cellular proteins (12.5 μg) (B) from a WT, XylT/FucT-KO, and the indicated GnTI-KO cell lines were separated by gel electrophoresis and analyzed by Western blotting using anti-β1,2-xylose or anti-α1,3-fucose antibodies. Horseradish peroxidase-linked or phosphatase alkaline-linked secondary antibodies were used for secreted proteins (A) and total soluble cellular proteins (B), respectively. A colloidal blue gel is displayed as a loading control.




Generation, Screening, and Characterization of GnTI/FucT-KO Cell Lines

To suppress both GnTI and FucT activities, the GnTI.PTG genetic construct was combined with the FucT.PTG construct previously used to obtain the XylT/FucT-KO cell line (Mercx et al., 2017) into a pPZP-RCS2 binary plasmid containing the plant codon-optimized cas9 (Figure 1B and Supplementary Figure 3). This plasmid is referred to as pPZP-GnTI/FucT-KO and was used to transform WT BY-2 via A. tumefaciens co-cultivation. Preference for Agrobacterium transformation was guided by the need for precise genomic integration if further T-DNA removal was needed, using the Cre-lox system. After selection on kanamycin-supplemented medium, 22 GnTI/FucT-KO cell lines were screened using the same immunoblotting strategy as for GnTI-KO lines. Fifteen cell lines showed an absence or strong reduction of β1,2-xylose and α1,3-fucose combined signals on secreted glycoproteins (Supplementary Figure 6 and data not shown). Four GnTI/FucT-KO cell lines (#5, 10, 16, and 18) for which no signal had been observed were chosen for further analysis. Secreted glycoproteins were analyzed by Western blotting using either anti-β1,2-xylose or anti-α1,3-fucose antibodies (Figure 4A). No β1,2-xylose nor α1,3-fucose residues were detected in any of these lines. Analysis of the TSCPs by Western blotting confirmed the absence of β1,2-xylose and α1,3-fucose residues in glycoproteins of cell lines #5, 10, and 16 (Figure 4B), indicating the complete inactivation of both GnTI and FucT genes. A faint signal for α1,3-fucose was observed in cell line #18, suggesting that a minor residual FucT activity was still present in that particular cell line.
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FIGURE 4. Absence of β1,2-xylose and α1,3-fucose on glycoproteins from GnTI/FucT-KO lines. Secreted proteins (40 μL culture medium) (A) or total soluble cellular proteins (12.5 μg) (B) from WT, XylT/FucT-KO, GnTI-KO#2, and the indicated GnTI/FucT-KO cell lines were separated by gel electrophoresis and analyzed by Western blotting using anti-β1,2-xylose or anti-α1,3-fucose antibodies. Horseradish peroxidase-linked or phosphatase alkaline-linked secondary antibodies were used for secreted proteins (A) and total soluble cellular proteins (B), respectively. A 50-fold dilution of WT proteins (equivalent to 0.8 μL culture medium or 0.25 μg TSCPs) were loaded in the penultimate well (WT 1/50). A colloidal blue gel is displayed as a loading control.




Mass Spectrometry Analysis of Total N-Glycans on Glycoproteins Secreted by GnTI-KO#2 and GnTI/FucT-KO#10 Cell Lines

Secreted glycoproteins of WT, GnTI-KO#2 and GnTI/FucT-KO#10 cell lines were analyzed by MALDI-FT ICR mass spectrometry after 2-aminobenzamide reductive labeling to determine their respective N-glycoprofile. Spectra are displayed in Figure 5 and relative amounts of the N-glycan structures are provided in Table 1. The N-glycoprofile of bovine RNAse B was determined as a positive control (Supplementary Figure 7 and Supplementary Table 3). Fourteen N-glycan structures were detected on the secreted glycoproteins of WT BY-2 cells. The most abundant structures were GnMXF (27.9%), GnGnXF (20.9%), and GnMX (14.6%). Complex, paucimannosidic and hybrid N-glycans accounted for 84.8% of the N-glycans on proteins secreted in WT BY-2 cells. High-mannose N-glycans made up for only 15.2% of the N-glycans. GnTI inactivation resulted in a dramatic shift toward high-mannose N-glycan structures in GnTI-KO#2 and GnTI/FucT-KO#10 lines, in which they accounted for 98.4% and 99% of the N-glycans, respectively. Only six N-glycan structures, corresponding to Man3-8 were identified in the KO lines. The main N-glycan structures detected in GnTI-KO#2 and GnTI/FT-KO#10 were Man5 (79.7 and 85.9%, respectively) and Man4 (16.4 and 11%, respectively).
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FIGURE 5. Total 2-aminobenzamide labeled N-glycans released from secreted glycoproteins of indicated cell lines. Peaks identified as N-glycan signals are labeled. Signals were detected as singly positively charged [M + H]+ or [M + Na]+ using MALDI FT-ICR mass spectrometry.



TABLE 1. Relative amounts of total 2-aminobenzamide labeled N-glycans (%) decorating the secreted glycoproteins from WT and KO cell lines as determined by MALDI FT-ICR mass spectrometry.
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Genomic Analysis of CRISPR/Cas9-Induced Indels in GnTI-KO#2 and GnTI/FucT-KO#10 Cell Lines

To identify the Cas9-mediated editing of the GnTI alleles, genomic DNA was extracted from WT, GnTI-KO#2, and GnTI/FucT-KO#10 cell lines. The GnTI region encompassing the four targeted loci (exon 1 to exon 14) was PCR-amplified using primers hybridizing to conserved regions [Ex1F and Ex15R] (Figure 2A). Gel electrophoresis showed amplicons of the same expected size (7.6 kb) for WT, GnTI-KO#2, and GnTI/FucT-KO#10 cell lines as well as an extra smaller amplicon (0.44 kb) for GnTI/FucT-KO#10 (Figure 6A). Amplicons were cloned and eight different GnTI.A alleles in GnTI-KO#2 line and two in GnTI/FucT-KO#10 were identified by sequencing (Figure 6B). No GnTI.B amplicon could be obtained due to the presence of the large 5.4 kb intron 11. To obtain amplicons corresponding to GnTI.B, two separate PCR amplifications were carried out to get regions corresponding either to sites 1–2 using primers [Ex1F and In3R] or to sites 3–4 using primers [In12F and Ex15R] (Figure 2A). Amplification of sites 1–2 resulted in obtaining GnTI.A sequences exclusively, whereas amplification of sites 3–4 gave both GnTI.A and GnTI.B sequences. Three GnTI.B alleles were identified for GnTI-KO#2 and one for GnTI/FucT-KO#10 (Figure 6B). Sequence analysis confirmed that these alleles were effectively inactivated. Indeed, three out of the four target sites were mutated in GnTI.A allele 4 while all other GnTI.A and GnTI.B alleles were modified at each observed target site. Most GnTI-KO#2 indels consisted of small insertions or deletions but a deletion of 180 nucleotides occurred between sites 3 and 4 in GnTI.A alleles 1, 3, and 7. The presence of more than four alleles indicates that some indels were not induced in the initial A. tumefaciens-transformed BY-2 cell, but later on in daughter cells. The largest deletion was observed for GnTI/FucT-KO#10 cell line. Indeed, the small 0.4 kb amplicon observed in gel electrophoresis (Figure 6A) corresponds to GnTI.A allele 2, which underwent a 7.16 kb deletion between sites 1 and 4. All sequences obtained for GnTI.B sites 3–4 using primers [In12F and Ex15R] correspond to allele 3, suggesting homozygous mutation. FucT/GnTI-KO#10 cell line was likely homogeneous since each GnTI ortholog was present in one or two mutated versions.
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FIGURE 6. Identification of CRISPR-induced indels in GnTI alleles from GnTI-KO#2 and GnTI/FucT-KO#10 BY-2 cell lines. (A) PCR amplification of GnTI.A from genomic DNA extracted from the indicated cell lines, using primers [Ex1F and Ex15R]. (B) Sequences of the GnTI target sites. Colored nucleotides correspond to the gRNA-hybridizing sites. PAM sequences are in bold. CRISPR-Cas9-induced deletions are represented by red dashes, insertions by red nucleotides. Single nucleotide polymorphisms allowing distinguishing GnTI.A from GnTI.B alleles are highlighted in yellow.




DISCUSSION

In this study, we inactivated the two GnTI genes in N. tabacum BY-2 suspension cells using CRISPR/Cas9 gene edition in order to generate a cell line producing only high-mannose N-glycans. GnTI has indeed a key role in the formation of N-glycan diversity because it is responsible for the addition of a first GlcNAc, on the α1,3-arm. Addition of this particular residue on a Man5 is considered as a prerequisite before being further modified by Golgi α-mannosidase II, N-acetylglucosaminyltransferase II, β1,2-xylosyltransferase, and α1,3-fucosyltransferase to form hybrid, complex and paucimannosidic N-glycans (Strasser et al., 2007).

To efficiently knock out GnTI in BY-2 cells, we first characterized both NtGnTI orthologs. However, NtGnTI.B exons 1–11 were detected in N. tabacum leaf material but not in BY-2 cells. This suggests that genome modifications impacting the first half of GnTI.B occurred in this cell line. It is known that plant suspension cells, including BY-2, might be genetically unstable and subjected to chromosome rearrangements (Kovarik et al., 2012). To guarantee the inactivation of both genes, two pairs of gRNAs targeting the first (exons 1 and 3) and second halves (exons 13 and 14) of GnTI.A and GnTI.B were designed.

Complete inactivation of GnTI was expected to result in a cell line producing only high-mannose N-glycans. Western blotting analysis of secreted proteins from the GnTI-KO cell lines showed absence of β1,2-xylose residues and an extensive reduction (30-to-100-fold) of α1,3-fucose residues as compared to WT secreted proteins. Absence of N-glycans containing β1,2-xylose residues demonstrates the suppression of the entire GnTI activity since GnTI-processed N-glycans would be recognized as substrates by Golgi-resident glycosyltransferases like xylosyltransferases (Strasser et al., 2004b; Kaulfurst-Soboll et al., 2011). Genomic analysis of the GnTI-KO#2 cell line confirmed the GnTI inactivation since all GnTI alleles sequenced contained Cas9-induced indels. Complete suppression of α1,3-fucose residues was required because their elimination is desirable to produce glycoproteins lacking non-human epitopes susceptible to trigger allergenic response (van Ree et al., 2000; Altmann, 2007; Gomord et al., 2010). To remove the residual α1,3-fucose, combined inactivation of the two GnTI and the four FucT genes (twelve alleles) was carried out to generate GnTI/FucT-KO cell lines. Secreted and soluble intracellular proteins of three GnTI/FucT-KO cell lines (#5, #10, and #16) were totally devoid of any β1,2-xylose and α1,3-fucose residues.

Mass spectrometry analysis of N-glycan structures of secreted glycoproteins from WT, GnTI-KO#2 and GnTI-FucT-KO#10 lines identified the major changes that occurred in the KO lines. While most N-glycans in the WT cell line were of complex type, none were detected in either of the KO lines. Man4 and Man5 structures accounted for 96.1 and 96.9% of the N-glycans in the GnTI-KO#2 and GnTI-FucT-KO#10 cell lines, respectively. Unlike the Western blotting data, we could not detect any fucosylated structure in the GnTI-KO#2 cell line. However, this can be explained by the fact that the α1,3-fucose signal observed by Western blotting in GnTI-KO#2 cell line was very weak. It probably belongs to fucosylated N-glycans distributed between different masses. Their individual MS signal drops below the detection limit of the method.

Detection of α1,3-fucose on N-glycans in GnTI-KO cell lines was surprising and can only be explained by a relaxed substrate specificity of FucTs, unlike what is usually reported in the literature. Our hypothesis is that at least one of the four N. tabacum FucTs can recognize and process high-mannose N-glycans, although with a lower rate than hybrid and complex N-glycans. The lack of high-mannose N-glycans with α1,3-fucose reported in most plant and plant cell studies is probably due to their very low levels. It could also be correlated with a higher affinity of FucTs for complex N-glycans. However, detection of Man5F N-glycans on human glucocerebrosidase and α-iduronidase produced in the A. thaliana seeds of the conditional cgl1-1 mutant has been reported several times (He et al., 2011; He et al., 2013; Pierce et al., 2017). The authors linked the presence of Man5F to hexosaminidase activities on the hybrid structure GnMan5F. However, it is highly unlikely that only Man5F would be detected if this structure resulted from hexosaminidase processing. Indeed, neither GnMan5 with or without xylose or α1,3-fucose nor the corresponding hexosaminidase-processed structures Man5XF and Man5X were detected in these studies. We rather suggest that the Man5F N-glycan observed in the GnTI-deficient host was not the result of hexosaminidase activity but the product of the α1,3-FucT-catalyzed addition of a core fucose on some Man5 N-glycan structures present in very large amount because GnTI was absent. Similar loose substrate specificity was described for the mammalian core α1,6-fucosyltransferase (FUT8). Core α1,6-fucosylation by FUT8 in mammals was first believed to be strictly GnTI-dependent because α1,6-fucosylated N-glycans identified by mass spectrometry were for the overwhelming majority hybrid or complex types. Furthermore, in vitro studies showed that FUT8 requires the presence of an α1,3-arm GlcNAc (but not an α1,6-arm GlcNAc) to use free N-glycans as substrates (Calderon et al., 2016). In contrast to this result, in vivo observations showed that, in GnTI-deficient CHO and HEK293S cells, high-mannose N-glycans could be efficiently core-fucosylated (Lin et al., 1994; Crispin et al., 2006). In addition, recent in vitro Man5 fucosylation assays, using protein- or peptide-linked N-glycans instead of free N-glycans showed that protein- and peptide-linked Man5 could be fucosylated to some extent, according to the glycopeptide or glycoprotein (Yang et al., 2017). We propose a similar loose substrate specificity of some plant α1,3-FucTs for Man5.

GnTI-KO and GnTI/FucT-KO BY-2 cell lines produced highly homogeneous glycoproteins secreted in the culture medium with only two main N-glycan structures (Man4 and Man5). This N-glycoprofile is strongly recommended for some therapeutic glycoproteins (Grubb et al., 2010; He et al., 2011; He et al., 2013; Tekoah et al., 2015; Limkul et al., 2016; Pierce et al., 2017). Furthermore, a high N-glycan homogeneity can ease the protein purification as well as the process reproducibility, leading to more consistent therapeutic efficacy (Meuris et al., 2014). As a result, the development of a BY-2 production platform with simplified and homogenized N-glycan repertoire, such as the humanized XylT/FucT-KO cell lines (Hanania et al., 2017; Mercx et al., 2017) or the two glyco-engineered cell lines generated in this study, is an important step to produce highly efficient therapeutic glycoproteins and simplify vaccine production in a system free of potential mammalian pathogens.
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The bulk of plant biomass is comprised of plant cell walls, which are complex polymeric networks, composed of diverse polysaccharides, proteins, polyphenolics, and hydroxyproline-rich glycoproteins (HRGPs). Glycosyltransferases (GTs) work together to synthesize the saccharide components of the plant cell wall. The Arabidopsis thaliana fucosyltransferases (FUTs), AtFUT4, and AtFUT6, are members of the plant-specific GT family 37 (GT37). AtFUT4 and AtFUT6 transfer fucose (Fuc) onto arabinose (Ara) residues of arabinogalactan (AG) proteins (AGPs) and have been postulated to be non-redundant AGP-specific FUTs. AtFUT4 and AtFUT6 were recombinantly expressed in mammalian HEK293 cells and purified for biochemical analysis. We report an updated understanding on the specificities of AtFUT4 and AtFUT6 that are involved in the synthesis of wall localized AGPs. Our findings suggest that they are selective enzymes that can utilize various arabinogalactan (AG)-like and non-AG-like oligosaccharide acceptors, and only require a free, terminal arabinofuranose. We also report with GUS promoter-reporter gene studies that AtFUT4 and AtFUT6 gene expression is sub-localized in different parts of developing A. thaliana roots.

Keywords: Fucosyltransferase, arabinogalactan protein, AtFUT1, AtFUT4, AtFUT6, GT37, plant cell wall, hydroxyproline-rich glycoprotein


INTRODUCTION

The plant cell wall is a complex polymeric network composed of diverse polysaccharides, proteins, polyphenolics, and hydroxyproline-rich glycoproteins (HRGPs). The polysaccharide and glycoprotein components of the cell wall confer a range of important functions, from structural integrity to cell-cell communication (Darvill et al., 1985). These complex glycopolymers are comprised of numerous monosaccharide building blocks, such as glucose (Glc), galactose (Gal), arabinose (Ara), galacturonic acid (GalA), xylose (Xyl), rhamnose (Rha), and fucose (Fuc), among others. The diversity of plant cell wall glycans can be attributed to the various linkage combinations, conformations, and degrees of polymerization in which these monosaccharides can be organized to form polymers.

Fucose is a deoxyhexose sugar that is commonly found on the side-chains and core regions of glycans in plants, bacteria, fungi, vertebrates, and invertebrates. In the cell walls of plants, Fuc is a component of the pectic polysaccharides, rhamnogalacturonan I and rhamnogalacturonan II (RG-I and RG-II; Atmodjo et al., 2013), the hemicellulose xyloglucan (XyG; Pauly and Keegstra, 2016), and arabinogalactan proteins (AGPs; Tan et al., 2012). RG-I consists of a backbone of repeating disaccharide units of [α-(1,4)-d-GalA-α-(1,2)-l-Rha]n with sidechains composed of variously linked Ara and Gal residues, with Fuc and glucuronic acid (GlcA) present to a lesser extent (Ridley et al., 2001; Willats et al., 2001; Mohnen, 2008). RG-II is the most structurally complex of the pectins and all known cell wall structures, and consists of a homogalacturonan (HG) backbone of α-(1,4)-linked GalA that is further substituted by side branches (denoted A–F) consisting of 12 different monosaccharides, including Fuc (Ndeh et al., 2017). XyG is a hemicellulosic polysaccharide composed of a β-(1,4)-linked Glc backbone with side-chains initiated by α-(1,6) linked Xyl residues; these are often further decorated with Gal and Fuc residues (Pauly and Keegstra, 2016). Together, primary cell wall polysaccharides, including pectins and hemicelluloses, are deeply implicated to be involved in plant growth, cell expansion, wall porosity, and several other functions (Ridley et al., 2001; Willats et al., 2001; Mohnen, 2008; Pauly and Keegstra, 2016).

Arabinogalactan proteins are extracellular glycoproteins of the HRGP superfamily, and have been postulated to have roles in diverse plant growth and developmental responses, including cell expansion and division, hormone signaling, and abiotic stress responses (Seifert and Roberts, 2007; Tan et al., 2012). AGPs are extensively O-glycosylated and consist of a core protein backbone rich in proline (Pro), alanine (Ala), serine (Ser), and threonine (Thr), and carbohydrate moieties that account for 90–98% of the total weight (Tan et al., 2012). To allow for O-glycosylation, Pro residues of the protein backbone are post-translationally modified by prolyl hydroxylation, converting Pro to hydroxyproline (Hyp; Seifert and Roberts, 2007). AGPs are then O-glycosylated on non-contiguous Hyp residues with arabinogalactan (AG) oligosaccharides composed mainly of a β-(1,3) linked Gal backbone substituted with β-(1,6)-linked Gal side-chains that are further modified with α-(1,3) or α-(1,5)-linked Ara residues. Additional side chain modifications, including Fuc, Rha, and 4-O-methylated GlcA have also been identified in some species and plant tissues (Seifert and Roberts, 2007; Knoch et al., 2014; Smith et al., 2020).

The addition of Fuc onto plant polysaccharides and proteoglycans is carried out by fucosyltransferases (FUTs). FUTs are glycosyltransferases (GTs) that catalyze the transfer of Fuc from guanidine 5'-diphosphate-β-l-fucose (GDP-Fuc) onto a suitable acceptor substrate, typically a glycan or protein. Although largely understudied in plants, known and putative FUTs are highly prevalent in many plant genomes (Soto et al., 2019). Interestingly, unlike the FUTs found in vertebrates and invertebrates that form clades based on predicted function (Martinez-Duncker et al., 2003), the FUTs in plants form terminal clades largely composed of single or closely related species (Soto et al., 2019). The model plant species Arabidopsis thaliana has 13 FUTs, 10 of which are classified as members of GT family 37 (GT37) according to the Carbohydrate-Active enZYmes (CAZy) database, and they are all predicted to be Golgi-localized type-II transmembrane proteins (Sarria et al., 2001; Lombard et al., 2014). Thus far, four out of the 10 GT37 FUTs from A. thaliana have been functionally characterized: AtFUT1, AtFUT4, AtFUT6, and AtFUT7 (Figures 1A,B; FUT7; Ruprecht et al., 2020).
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FIGURE 1. Scheme showing the structures of xyloglucan (XyG) and arabinogalactan (AG) proteins (AGPs) from Arabidopsis thaliana with the predicted activities of AtFUT1 and AtFUT4/AtFUT6. (A) Representation of A. thaliana AGPs, and the putative activities of AtFUT4 and AtFUT6. Hyp, hydroxyproline. (B) Fucosylated XyG oligosaccharides derived from A. thaliana XyG (Peña et al., 2012; Tuomivaara et al., 2015). (C) Fucosylated AGP side chains derived from A. thaliana AGPs (Tryfona et al., 2012, 2014). (D) Symbol legend.


AtFUT1 is the most well-characterized member of the GT37 family. It catalyzes the regiospecific transfer of a Fuc residue to O-2 of the Gal of the L-side chain closest to the reducing end of a XyG subunit, to form the triglycosyl side-chain α-l-Fucp-(1,2)-β-d-Galp-(1,2)-α-d-Xylp, also known as the F side-chain according to the accepted XyG nomenclature (Fry et al., 1993; Tuomivaara et al., 2015; Figure 1B). Structural characterization of AtFUT1 by X-ray crystallography (Rocha et al., 2016; Urbanowicz et al., 2017), combined with investigations using molecular dynamic and quantum computations, suggests that AtFUT1 fucosylates XyG using a water-mediated catalytic mechanism (Urbanowicz et al., 2017). The unusual phylogenetic relationship that plant FUTs exhibit has made identifying functionally homologous FUTs in other species difficult. For example, the functional homolog to AtFUT1 in rice, OsMUR2, is phylogenetically distinct from AtFUT1 and was identified through co-expression analyses based on the homologous genes in A. thaliana that had been shown to be involved in XyG biosynthesis (Liu et al., 2015). AtFUT4 and AtFUT6 have been less extensively studied, and were first identified based on their sequence similarity to AtFUT1 (Sarria et al., 2001). Initial studies on AtFUT4 and AtFUT6 relied on the expression of these enzymes by transient transfection in Bright Yellow-2 (BY-2) suspension-cultured tobacco cells. Digitonin-solubilized extracts from microsomal membranes of transgenic tobacco BY2 cells overexpressing either AtFUT4 or AtFUT6 were able to incorporate [14C]Fuc from GDP-[14C]Fuc onto AGP acceptors, suggesting that these enzymes were AGP-specific FUTs (Wu et al., 2010). In this initial study, the AtFUT4-enriched extract was able to fucosylate AGP fractions obtained from BY-2 tobacco suspension cell lines expressing the AtFUT6 protein. The same inverse relationship was also reported for AtFUT6, whereby the AtFUT6-enriched extract from BY-2 tobacco suspension cells was able to fucosylate AGP fractions from lines expressing the AtFUT4 protein. These apparent differences in activity led to the conclusion that AtFUT4 and AtFUT6 are both AGP-specific, but non-redundant, FUTs that potentially transfer Fuc onto different sites of AGP acceptors (Wu et al., 2010). This notion was further supported by the differing expression patterns exhibited for the corresponding genes, with AtFUT4 being expressed in both roots and leaves, while AtFUT6 is solely expressed in roots (Sarria et al., 2001; Liang et al., 2013; Tryfona et al., 2014). Interestingly, similar expression patterns have been shown for the A. thaliana arabinogalactan methyltransferases (AGMs) AtAGM1 and AtAGM2, which are required for 4-O–methylation of terminal GlcA of AGPs (Smith et al., 2020; Temple et al., 2019).

Enzymatic derivatization and subsequent structural characterization of root and leaf AGPs from wild-type (WT) A. thaliana, as well as from fut4, fut6, and fut4/fut6 single and double mutant plants, led to the identification of three types of fucosylated oligosaccharides from both tissues: FucAraGal3, FucAraGal4, and FucXylAraGal3 (Tryfona et al., 2012, 2014; Figure 1C). Detailed analyses of the AGPs produced by the fut4, fut6, and fut4/fut6 mutants suggested that these gene products are non-redundantly involved in the transfer of terminal (1,2)-fucosyl residues to (1,3)-linked α-l-Araf substituents of β-(1,6)-linked galactan side chains of AG, forming an α-l-Fucp-(1,2)-α-l-Araf-(1,3)-β-Galp-(1,6)-β-Galp-(1,6)-Galp sidechain (FucAraGal3), which can be further modified by the addition of Xyl (Tryfona et al., 2012, 2014; Figure 1C). Further structural analyses of the AGPs of these mutants demonstrated that AtFUT4 is solely responsible for the production of these fucosylated oligosaccharides in leaves, while both AtFUT4 and AtFUT6 are required in roots (Tryfona et al., 2012, 2014; Liang et al., 2013). The inconsistencies between these two previous studies led to the updated conclusion that AtFUT4 and AtFUT6 are both AGP-specific, but partially redundant. Recently, we performed a screen to evaluate acceptor substrate specificity using a glycan array-based assay, which showed that AtFUT7 shares similar acceptor substrate specificity with AtFUT4 and AtFUT6, and all three enzymes fucosylate arabinofuranose residues α-(1,3)-linked to galactose (Ruprecht et al., 2020). In this report, we have done additional biochemical characterization of AtFUT4 and AtFUT6, combined with detailed structural analyses of their fucosylated reaction products, demonstrating that AtFUT4 and AtFUT6 are selective enzymes with regard to their acceptor substrate specificity and are fully-redundant in their recognition of various AG-like and non-AG-like oligosaccharide acceptor substrates. We also show that AtFUT6 is expressed primarily in the root cap and meristematic zones of the root, while AtFUT4 is present in the maturation and elongation zones of the root. The sub-localization of both enzymes to different regions of the roots may explain the requirement of both AtFUT4 and AtFUT6 for proper root AGP fucosylation previously reported.



MATERIALS AND METHODS


Production of Constructs for Heterologous Expression in Human Embryonic Kidney 293 Cells

Full length cDNA clones obtained from The Arabidopsis Information Resource (TAIR) were used as templates to amplify truncated coding region sequences, excluding the predicted transmembrane domain, of AtFUT4 and AtFUT6. AtFUT4 was truncated at amino acid residue 54, while AtFUT6 was truncated at amino acid residue 42. To generate Gateway entry clones, attB-PCR products were created using two-step adapter PCR (Prabhakar et al., 2020). Primer sequences can be found in Supplementary Table S1.

Following the first round of PCR amplification, the universal primers attB_AdapterF, 5'GGGGACAAGTTTGTACAAAAAAGCAGGCTCTGA AAACTTGTA CTTTCAAGGC-3', and attB_Adapter-R, 5'-GGGGACCA CTTTGTACAAGAAAG CTGGGTC-3', were used to complete the attB recombination sites and introduce a tobacco etch virus (TEV) protease cleavage site for subsequent protein purification steps. The attB-PCR products were then cloned into a plasmid cloning vector, pDONR221, using the Gateway BP Clonase II Enzyme Mix (ThermoFisher Scientific), according to the manufacturer’s instructions. Expression clones were then created by recombining the entry clones into the pGEn2-DEST destination vector (Moremen et al., 2018) using the Gateway LR Clonase II Enzyme Mix (ThermoFisher Scientific), according to the manufacturer’s instructions. Fusion proteins produced using the pGEn2-DEST vector yield a fusion protein consisting of an N-terminal NH2-signal sequence, 8xHis tag, AviTag recognition site, superfolder GFP (sfGFP), and the seven amino acids comprising the TEV protease recognition site, followed by the truncated coding regions of AtFUT4 or AtFUT6.



Protein Expression and Purification

The expression of the GFP-AtFUT4 and GFP-AtFUT6 recombinant enzymes was carried out by transiently transfecting HEK293 cells (Freestyle 293-F cells, ThermoFisher Scientific), as previously described (Urbanowicz et al., 2017; Moremen et al., 2018; Prabhakar et al., 2020). Chromatography experiments were performed on an AKTA FPLC System (GE Healthcare, https://www.gehealthcare.com). Prior to loading the Nickel-column, the media were adjusted to contain HEPES (25 mM, pH 7.2), sodium chloride (400 mM), and imidazole (20 mM). Small-scale purification of secreted 8xHis-GFP recombinant enzymes from HEK293 cells was carried out with HisTrap HP columns (GE Healthcare) following the manufacturer’s instructions. Protein cross-contamination was avoided by purifying each enzyme, GFP-AtFUT4 or GFP-AtFUT6, on individual 1-ml HisTrap columns that were washed before use to remove weakly bound Ni2+ ions. Protein purification procedures were performed as previously described (Urbanowicz et al., 2017; Prabhakar et al., 2020). GFP-AtFUT1 was similarly prepared (Urbanowicz et al., 2017), and was included in this study as a positive control.



Oligosaccharides Tested as Possible Acceptor Substrates

In order to assay the activities of GFP-AtFUT1, GFP-AtFUT4, and GFP-AtFUT6, a series of chemically synthesized and commercially available oligosaccharides were tested as potential acceptor substrates. Five oligosaccharides were chemically synthesized by automated glycan assembly in the laboratory of Dr. Fabian Pfrengle (Bartetzko et al., 2015; Bartetzko and Pfrengle, 2019), and are indicated in this paper by numbers as 55, 65, 68, 69, and 70 according to the nomenclature utilized in Ruprecht et al. (2020). These oligosaccharides were selected due to their structural similarities to the previously identified fucosylated sidechains of WT A. thaliana AGPs: FucAraGal3, FucAraGal4, and FucXylAraGal3 (Tryfona et al., 2012, 2014; Figures 1C, 2A). A XyG oligosaccharide mixture consisting of XXXG, XXLG, and XLLG, named according to the standardized XyG nomenclature, were prepared as described (Tuomivaara et al., 2015; Figure 2C) from XyG isolated from the A. thaliana mur1 mutant, which lacks fucosylated polysaccharides. Finally, three commercially available α-(1,5)-linked arabinan oligosaccharides (Figure 2B; arabinobiose, arabinotriose, and arabinotetraose) and two galactan oligosaccharides [Figure 2D; β-(1,3)-linked galactobiose and β-(1,6)-linked galactobiose] were obtained from Megazyme (Ireland).
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FIGURE 2. Structures of oligosaccharide acceptor substrates used in this study. (A) Synthetic arabinogalactan oligosaccharides numbered according to Ruprecht et al. (2020). (B) α-(1,5)-linked arabinan oligosaccharides. (C) Xyloglucan XXLG oligosaccharide. (D) β-(1,3)-linked galactobiose and β-(1,6)-linked galactobiose. (E) Symbol legend.




Enrichment of AGPs From Arabidopsis thaliana Plants

At least two mutant alleles of AtFUT4 and AtFUT6 were previously characterized by our group and collaborators (Liang et al., 2013). For the purpose of the experiments described here for substrate isolation, one mutant line (fut4, SAIL_284_B05) for AtFUT4 (At2g15390) and one mutant line (fut6, SALK_099500) for AtFUT6 (At1g14080) and a double mutant generated from these lines were selected based on our prior genetic, phenotypic, and chemotypic analyses (Liang et al., 2013; Tryfona et al., 2014). Root and aerial plant tissues for isolation of AGPs were generated as recently described (Smith et al., 2020) from a minimum of 30 pooled plants. Alcohol-insoluble residues (AIR) of wildtype (WT, Col-0) and fut4, fut6, and fut4/fut6 A. thaliana plants were prepared using a standard protocol (Pattathil et al., 2012). AGPs were extracted from the cell walls by resuspending AIR at 10 mg/ml in 50 mM sodium acetate, pH 5, and mixed for 16 h on a rotary shaker (200 rpm) at 55°C according to the “hot buffer” method described by Smith et al. (2020). The suspension was centrifuged at 3,000 × g and the supernatant was dialyzed against 16 L of deionized water four times for 24 h at room temperature. The dialysates were lyophilized and used as acceptor substrates in GDP-Glo™ GT Assays at a final concentration of 0.5 mg/ml (see below).



Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry

The saccharide products of FUT reactions were analyzed by matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) on a Microflex LT spectrometer (Bruker). Enzyme reactions were incubated at 24°C in 25 mM HEPES, pH 7.2, and consisted of 100 ng of enzyme, 100 μM of GDP-Fuc (Promega), and 250 μM of acceptor substrate for the AG oligosaccharides (55, 65, 68, 69, and 70; Figure 2A). For the α-(1,5)-linked arabinan oligosaccharides (Figure 2B) and the β-(1,3)-linked and β-(1,6)-linked galactobiose oligosaccharides (Figure 2D; Megazyme, https://www.megazyme.com/), 1 mM of GDP-Fuc and 2 mM of each acceptor were used. Control assays contained the same components except for the enzyme. After overnight incubation, 5 μl aliquots of the reactions were incubated with 1 μl of Dowex-50 cation exchange resin (Bio-rad) for 1 h, followed by centrifugation. One microliter of the supernatants were then mixed with 1 μl of matrix solution [20 mg/ml of 2,5-dihydroxbenzoic acid (DHB) in 50% (v/v) methanol] and spotted and crystallized on the target plate. A minimum of 200 laser shots were summated in order to generate the positive-ion spectra that were recorded. Due to the small masses of the oligosaccharides being analyzed, no clean-up steps such as de-salting, which minimize background signals from the buffer, were carried out since these can lead to product loss. Additionally, the DHB matrix used for the MALDI-TOF experiments has a significant peak at 550 Daltons which is close enough in size to many of the oligosaccharides being analyzed to potentially interfere with the detection of the desired oligosaccharide masses. For these reasons, standard reactions were carried out overnight for at least 16 h to enable clear product detection despite the additional presence of contaminating background signals from the buffer and matrix.



Quantification of Fucosyltransferase Activity Using the GDP-Glo™ Glycosyltransferase Assay Kit

Transferase activity was also measured using the GDP-Glo™ GT Assay Kit (Promega) according to the manufacturer’s instructions. The GDP-Glo™ Kit measures activity based on the amount of GDP produced as a by-product of FUT activity. Standard 5 μl reactions were prepared in 25 mM HEPES, pH 7.2, and consisted of 100 μM GDP-Fuc as the donor, 250 μM of the synthetic AG oligosaccharides (55, 65, 68, 69, and 70; Figure 2A), or the XyG mixture as acceptors (Figure 2C), and 100 ng of enzyme. Assays were initiated with the addition of enzyme and were carried out for a period of 20 min at 24°C. Control assay contained the same components except for the acceptors or the enzyme.

To measure the amount of GDP produced, 5 μl reactions were incubated for an hour at room temperature with equal volumes of GDP-Glo Detection Reagent in a 384-well white, polystyrene, low volume plate (Corning Inc., https://corning.com). Luminescence values were obtained by reading the assay plate with a GloMax® Microplate Reader (Promega). Enzyme activity was quantified using a GDP standard curve according to the manufacturer’s instructions.



Structural Analysis of FUT Reaction Products by NMR Spectroscopy and Glycosyl Linkage Analysis

NMR experiments were carried out to determine the structure of select fucosylated reaction products. Due to the limited amounts of the AG oligosaccharides (55, 65, 68, 69, and 70) available, NMR experiments were only done with the α-(1,5)-linked arabinan oligosaccharides. Experiments were recorded at 25°C with a Varian Inova NMR spectrometer at 600 MHz using a 5 mm cold probe. Reactions consisted of 50 mM sodium phosphate buffer, pH 7.2, 1 mM of GDP-Fucose, 2 mM of the α-(1,5)-linked arabinan oligosaccharides (Figure 2B), and 500 ng of enzyme. Reactions were left to incubate at 37°C for at least 2 days to reach completion. After lyophilization, 200 μl of D2O was added to the samples and were re-lyophilized twice. Samples were dissolved in D2O a third and final time and placed in a 3 mm NMR tube. The two-dimensional spectra (COSY and NOESY) were recorded using standard Varian pulse programs. Chemical shifts are given in ppm relative to internal dimethyl sulfoxide (DMSO) standard (δ1H 2.721). The NMR spectra were processed using MNova software (Mestrelab Research S.L., Santiago de Compostela, Spain). Glycosyl linkage analysis was performed on the reaction products of AtFUT4 using arabinobiose, arabinotriose, or arabinotetraose as acceptors. For glycosyl linkage analysis, the samples were permethylated, depolymerized, reduced, and acetylated, and the resultant partially methylated alditol acetates (PMAAs) were analyzed by gas chromatography-mass spectrometry (GC-MS). The procedure is a slight modification of the one described by Heiss et al. (2009). Briefly, 1 mg of sample was carefully weighed into borosilicate test tubes with Teflon lined screw caps, suspended in 200 μl of DMSO, and stirred overnight for 16 h. The samples were permethylated using sodium hydroxide (NaOH) and iodomethane (MeI). Following sample workup, the permethylated material was hydrolyzed using 2 M trifluoroacetic acid (2 h in sealed tubes at 121°C), reduced with sodium borodeuteride (NaBD4), and acetylated using acetic anhydride/trifluoroacetic acid. The resulting PMAAs were analyzed on an Agilent 7890A GC interfaced to a 5975C mass selective detector (MSD; electron impact ionization mode), and separation was performed on Supelco 2331 fused silica capillary column (30 m × 0.25 mm ID).



Generation of AtFUT4::GUS and AtFUT6::GUS Transgenic Plants and GUS Staining

To study the expression pattern and localization of AtFUT4 in planta, an AtFUT4::GUS fusion-reporter gene was constructed and transformed into WT A. thaliana plants for subsequent GUS staining and visualization (Jefferson et al., 1987). To construct the AtFUT4::GUS fusion reporter line, primers including restriction sites for BamHI and HindIII were used to PCR amplify a ~2,500-base pair fragment upstream of the AtFUT4 open reading frame using WT (Col-0) A. thaliana genomic DNA as a template (Primer sequences listed in Supplementary Table S1). The amplified region, presumably containing the AtFUT4 native promoter, was then cloned into the pBI101 plant transformation vector in-frame with the GUS reporter gene (Jefferson et al., 1987). The resulting vector was sequenced to ensure the inclusion of the AtFUT4 promoter and 5' UTR, after which it was used to transform GV3101:PM90 Agrobacterium tumefaciens through electroporation (Jefferson et al., 1987). Positively transformed Agrobacterium colonies were selected on Luria Broth (LB) plates with 50 μg/ml rifampicin, 25 μg/ml gentamycin, and 50 μg/ml kanamycin, and were verified by colony PCR using a combination of primers that anneal to the AtFUT4 promoter region as well as to the GUS gene (Supplementary Table S1). Once transformed and verified, the Agrobacterium cells containing the AtFUT4 promoter region were used to transform WT A. thaliana using the floral dip method (Clough and Bent, 1998). Successfully transformed AtFUT4::GUS plants (n > 15) were identified by growing seeds on Murashige and Skoog (MS) media supplemented with 2% (w/v) sucrose and 50 μg/ml kanamycin. AtFUT6::GUS transgenic lines had been produced previously in the lab following the same method as was used for the generation of the AtFUT4::GUS plants described here. Multiple independent plant lines were generated for AtFUT4::GUS and AtFUT6::GUS. The primers used to amplify the promoter regions of both genes can be found in Supplementary Table S1.

GUS transformed seedlings were stained with an X-Gluc staining solution consisting of 50 mM phosphate buffer, pH 7.5, 0.5 mM ferricyanide, 0.5 mM ferrocyanide, 2 mM X-Gluc, 0.05% (v/v) Triton X, and 15% (v/v) methanol (Jefferson et al., 1987). When seedlings had reached the desired age for staining (12 days after sowing), they were submerged in X-Gluc staining solution and placed in a vacuum chamber for a minimum of 30 min, and then incubated at 37°C for 4–6 h to obtain the desired level of staining. The X-Gluc staining solution was then removed, and the seedlings were washed with 70% (v/v) ethanol a minimum of three times to remove any excess stain and chlorophyll. Stained seedlings were imaged with an Olympus dissecting microscope at 40X magnification. Two representative, independently transformed lines are shown for each construct.




RESULTS


AtFUT4 and AtFUT6 Display Acceptor Substrate Selectivity in vitro

The globular catalytic domains of AtFUT4 and AtFUT6 were produced and expressed by transiently transfecting mammalian HEK293 suspension-cultured cells utilizing a fusion protein system that has been successfully used for heterologous expression of both mammalian and plant FUTs (Meng et al., 2013; Urbanowicz et al., 2017; Moremen et al., 2018). Expression and secretion of GFP-AtFUT4 and GFP-AtFUT6 in HEK293 cells yielded high levels of secreted recombinant fusion protein, based on GFP fluorescence, ~108 and ~77.8 mg L−1, respectively (Supplementary Table S1). These expression levels are similar to that observed with GFP-AtFUT1 in HEK293 cells (120 mg L−1; Urbanowicz et al., 2017). Recombinant GFP-AtFUT4 and GFP-AtFUT6 fusion proteins were purified by immobilized metal affinity chromatography using Ni2+-NTA, resulting in a purity of ≥95% for each protein (Supplementary Figure S1). Both proteins were highly soluble before, during and after purification and buffer exchange.

To determine if the recombinant GFP-AtFUT4 and GFP-AtFUT6 fusion proteins maintained the same acceptor substrate specificity as had been determined in a previous study (Wu et al., 2010), five structurally distinct AG-related oligosaccharides (55, 65, 68, 69, and 70), synthesized by automated glycan assembly, were evaluated for their ability to serve as acceptor substrates (Bartetzko et al., 2015; Ruprecht et al., 2017; Bartetzko and Pfrengle, 2019; Figure 2A). Specifically, these acceptors were chosen due to their structural similarities to the previously characterized fucosylated AGP side-chains identified in WT A. thaliana: FucAraGal3, FucAraGal4, and FucXylAraGal4 (Tryfona et al., 2012, 2014; Figure 1C). The five AG oligosaccharides selected contain minor differences in structure, such as the presence or absence of a β-(1,6)-linked Gal backbone, the length of the β-(1,3)-linked Gal side-chain, the presence of an α-(1,3)- and α-(1,5)-linked Ara, and/or the terminal or internal positioning of an α-(1,3)-linked Ara on the Gal side-chain (Figure 2A). These structural differences were selected in an attempt to determine whether GFP-AtFUT4 and GFP-AtFUT6 would have the same or differing specificity, and to determine if the presence or absence of the Gal backbone, the length of the Gal side-chain, and/or the positioning and linkage of the Ara residue would impart differences on the ability of GFP-AtFUT4 and GFP-AtFUT6 to fucosylate these oligosaccharides. The GFP-AtFUT4 and GFP-AtFUT6 fusion proteins were also tested against a XyG oligosaccharide mixture consisting of XXXG, XXLG, and XLLG (Pauly et al., 2001; Wu et al., 2010; Tuomivaara et al., 2015; Figure 2C). GFP-AtFUT1, the XyG-specific member of the GT37 FUT family in A. thaliana, was similarly assayed against all AG and XyG oligosaccharides, and was included in this study as a control to probe acceptor substrate specificity of GT37 members.

Fucosyltransferase activities for GFP-AtFUT4, GFP-AtFUT6, and GFP-AtFUT1 were determined by incubation with the AG and XyG oligosaccharides for a prolonged period, at least 16 h at 24°C, to allow for clear product detection in the presence of background signals arising from the reaction buffer and DHB matrix. The resulting saccharide reaction products, if present, were detected by MALDI-TOF MS. The reaction products were consistent with the transfer of a single Fuc residue onto the selected acceptors based on the observation of the appearance of products with an increased mass of 146 Da corresponding to the addition of a deoxyhexose. Analysis of the reaction products showed that GFP-AtFUT4 and GFP-AtFUT6 added a single fucosyl residue to each of the AG oligosaccharides in tested (Figures 3A–E). In contrast, GFP-AtFUT1 was not active on the AG oligosaccharides, but added Fuc to galactosylated XyG oligosaccharides, as was observed in previous studies (Perrin et al., 1999; Wu et al., 2010; Urbanowicz et al., 2017; Figure 3F).
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FIGURE 3. Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) data for GFP-AtFUT1, GFP-AtFUT4, and GFP-AtFUT6 reacted with different acceptor substrates. (A) Acceptor 55, (B) Acceptor 65, (C) Acceptor 68, (D) Acceptor 69, (E) Acceptor 70, and (F) XG acceptors. Transfer of Fuc increases the mass of the acceptor by 146 Da, as indicated by annotating (M + H+) ions, (*) denotes (M + Na+) adducts.


Findings by Wu et al. (2010) suggested that the site of fucosylation for AGPs may lie on an Araf residue. In our study, the only structural commonality between all AG oligosaccharides tested as acceptors was the presence of a terminal Araf residue. The ability of GFP-AtFUT4 and GFP-AtFUT6 to fucosylate all the AG oligosaccharides tested, regardless of their structural differences, suggests that GFP-AtFUT4 and GFP-AtFUT6 are less selective in vitro than previously reported. However, GFP-AtFUT4 and GFP-AtFUT6 do appear to maintain their specificity for fucosylating arabinofuranose residues, as they did not fucosylate the galactopyranose residues of XyG, nor did they fucosylate either of the galactan oligosaccharides tested here. GFP-AtFUT4 had higher apparent activity than GFP-AtFUT6 (Figure 4) with all acceptors tested, while in previous studies with microsomal AtFUT4 and AtFUT6, AtFUT6 was reported to display more activity than AtFUT4 (Wu et al., 2010). The differences in protein purification, construct design, and/or assay conditions between the previous study and ours may account for these observed differences in activity. However, we will note that both GFP-AtFUT4 and GFP-AtFUT6 were expressed and secreted at high levels and were purified prior to use in the current study (Supplementary Table S1; Supplementary Figure S1).
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FIGURE 4. Biochemical analysis of GFP-AtFUT1, GFP-AtFUT4, and GFP-AtFUT6. Enzymatic activity was measured based on the production of GDP using the GDP-Glo assay kit in the presence or absence (Hydrolysis) of acceptor substrates (Figure 2). Values are represented as the average of three technical replicates ±SD, and are reported in nmol/min/mg of protein.


Glycosyltransferase reactions result in the production of two products: the glycosylated acceptor and the nucleotide from the nucleotide-sugar donor, in this case GDP. The Glo™ system measures transferase activity indirectly, by converting the GDP that is released during transfer into ATP. An enzyme-linked luciferase/luciferin reaction then converts the ATP to luminescence, which can be correlated back to the GDP concentration using a GDP standard curve. Hydrolytic activity can also be measured since, as has been demonstrated before, some GTs can hydrolyze their nucleotide-sugar donor when an acceptor is unavailable. This corresponds to the enzymatic transfer of the sugar from the nucleotide-sugar donor to a water molecule in the absence of an acceptor (Sheikh et al., 2017).

The transferase and hydrolase activities of GFP-AtFUT4 and GFP-AtFUT6 were quantified using the GDP-Glo™ kit. The transferase activity data were consistent with the results of the MALDI-TOF MS analysis of the saccharide reaction products. GFP-AtFUT4 and GFP-AtFUT6 had detectable activity with the five AG oligosaccharides, but not with the XyG oligosaccharide mixture (Figure 4). Similarly, GFP-AtFUT1 had detectable activity with the XyG oligosaccharides, but not with the other substrates (Figure 4). As was observed with the MALDI-TOF MS analysis, more transferase activity was detected for GFP-AtFUT4 than for GFP-AtFUT6. Previous studies on AtFUT4 and AtFUT6 utilized AGPs extracted from their correspondent mutants as acceptor substrates to test the activities of these enzymes (Wu et al., 2010). The AGPs of fut4 and fut6 mutants have reduced levels of fucosylated AGPs, and the AGPs of fut4/fut6 mutants have no detectable fucosylation, as compared to AGPs from WT A. thaliana plants (Tryfona et al., 2014). Here, we also extracted AGP-enriched fractions from WT, fut4, fut6, and fut4/fut6 single and double mutant plants, and used them as acceptor substrates in the GDP-Glo™ assays (Figure 5). As expected from the data collected in our previous experiments, GFP-AtFUT1 had no detectable activity with any of the AGP-enriched fractions. In our hands, GFP-AtFUT4 and GFP-AtFUT6 showed activity against the AGP fractions, but they did not show any specific preference toward any of the AGP fractions. We cannot exclude the possibility that the AGP extraction method we utilized also extracted other polysaccharides, such as RG-I, that may have Ara-rich side-chains that GFP-AtFUT4 and GFP-AtFUT6 can recognize and fucosylate in vitro. This untargeted enrichment could possibly explain the lack of specificity detected in this assay.
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FIGURE 5. Relative enzyme activity of GFP-AtFUT1, GFP-AtFUT4, and GFP-AtFUT6 using AGPs extracted from vegetative tissue of wild-type (WT), fut4, fut6, and fut4fut6 A. thaliana mutants as acceptor substrates. Values are represented as the average of three technical replicates ±SD, and are reported in nmol/min/mg of protein.


Among all the assays performed, GFP-AtFUT4 and GFP-AtFUT6 exhibited unexpectedly high hydrolytic activity toward GDP-Fuc in the absence of oligosaccharide acceptors (Figures 4, 5). To confirm the unexpectedly high rate of GDP-Fuc hydrolysis observed, hydrolysis assays were also performed with two UDP sugar nucleotides, UDP-xylose and UDP-GalA, using the GDP-Glo™ and UDP-Glo™ assay kits. As compared to GDP-Fuc, a low level of UDP-Xyl hydrolysis was observed with GFP-AtFUT4. No appreciable hydrolytic activity was observed with either UDP sugar for GFP-AtFUT6 (Supplementary Figure S2). Unlike GFP-AtFUT4 and GFP-AtFUT6, GFP-AtFUT1 had very low rates of GDP-Fuc hydrolysis, which is consistent with previous findings using the GDP-Glo™ assay system to measure its activity (Urbanowicz et al., 2017). At this time, we do not have an explanation for the high observed rates of GDP-Fuc hydrolysis for GFP-AtFUT4 and GFP-AtFUT6, but we hypothesize that the active sites of GFP-AtFUT4 and GFP-AtFUT6 may be shallower than the active site of GFP-AtFUT1, consistent with the ability of these enzymes to use multiple acceptor substrates. A shallower active site would presumably be more accessible to water, facilitating a higher rate of transfer from the nucleotide-sugar donor to a water molecule.



AtFUT4 and AtFUT6 can Fucosylate α-(1,5)- and α-(1,3)-Linked Arabinofuranose Residues

The activities of GFP-AtFUT4 and GFP-AtFUT6 were also tested in a high-throughput assay using a micro-array populated with more than 100 synthetic oligosaccharides (Ruprecht et al., 2020). However, the micro-array we used previously can be used to rapidly, identify potential acceptor substrates, but it does not provide any information regarding the structure of the reaction products. Thus, additional analyses are required to determine the final carbohydrate structure of the saccharide reaction products. Based on the AG-like acceptor substrates evaluated herein and in Ruprecht et al. (2020), we observed that the only structural commonality apparently necessary for GFP-AtFUT4 and GFP-AtFUT6 to fucosylate the acceptor was the presence of a terminal α-Araf residue in the oligosaccharide. The presence or absence of a β-(1,6)-linked Gal backbone and the length of the β-(1,3) linked Gal side-chain on which the Araf residue is located, did not appear to impart any selectivity. To further investigate acceptor substrate specificity, a series of commercially available Ara- and Gal-containing oligosaccharides were evaluated. Due to the apparent sole selectivity of GFP-AtFUT4 and GFP-AtFUT6 for Araf, three commercialy available α-(1,5)-linked arabinan oligosaccharides, including arabinobiose, arabinotriose, and arabinotetraose, were selected as possible acceptor substrates (Figure 2B). The three α-(1,5)-linked arabinan oligosaccharides are of varying lengths and were chosen to determine the minimum length that GFP-AtFUT4 and/or GFP-AtFUT6 are able to utilize. Furthermore, two galacto-oligosaccharides, β-(1,3) galactobiose and β-(1,6) galactobiose, were also used to conclusively eliminate galactose residues as the site of fucosylation (Figure 2D). No α-(1,3)-linked arabino-oligosaccharides were commercially available at the time of this study.

Interestingly, all three α-(1,5)-linked arabinan oligosaccharides were fucosylated by both GFP-AtFUT4 and GFP-AtFUT6. MALTI-TOF MS analyses of the reaction products indicated that both GFP-AtFUT4 and GFP-AtFUT6 catalyze the transfer of a single Fuc residue to each of the arabinan oligosaccharides based on the observation of structures with a mass increase of 146 Da (Figures 6C–E). In contrast, analysis of the reactions containing β-(1,3) galactobiose or β-(1,6) galactobiose showed no difference relative to control samples lacking enzyme (Figures 6A,B). Taken together, these data indicate that Ara, but not Gal, is the acceptor site of fucosylation for GFP-AtFUT4 and GFP-AtFUT6. Furthermore, these results suggest that the galactose residues in the AG oligosaccharides may not be critical components for substrate specificity of these enzymes.
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FIGURE 6. MALDI-TOF MS analysis of products generated by incubating GFP-AtFUT4, and GFP-AtFUT6 with GDP-Fuc and different linear arabinan or galactan acceptor substrates. (A) β-(1,3)-linked galactobiose, (B) β-(1,6)-linked galactobiose, (C) α-(1,5)-linked arabinobiose, (D) α-(1,5)-linked, arabinotriose, and (E) α-(1,5)-linked arabinotetraose. Transfer of Fuc increases the mass of the acceptor by 146 Da, as indicated by annotating (M + H+) ions, (*) denotes (M + Na+) adducts. Control assays contained the same components except for enzyme.


To confirm the structure of the fucosylated arabinans obtained after incubation with the enzymes, NMR analyses were performed (Figure 7). GFP-AtFUT4 was chosen for this analysis since it has appreciably more activity than GFP-AtFUT6, and both enzymes showed similar specificity toward the arabinan oligosaccharides. NMR analyses were carried out on the reaction product of GFP-AtFUT4 with the arabinotriose acceptor substrate, which contains two terminals and only one internal Araf residue. The NMR spectrum of arabinotriose incubated with GFP-AtFUT4 clearly contained two additional signals that were not present in the spectrum of unreacted arabinotriose (Figures 7A,B). These signals were assigned as terminal Fuc, and Ara with Fuc attached at O2 based on the chemical shifts and the cross-peaks in the NOESY spectrum, which indicate the linkages between the residues in the oligosaccharide (Figure 7C; Supplementary Table S2). These results conclusively demonstrate that AtFUT4 is an α-(1,2) FUT, as is AtFUT1, and that it catalyzes the transfer of a single Fuc onto terminal Ara residues. To further confirm that Fuc was added only to the terminal Ara for all the arabinan oligosaccharides, glycosyl linkage analyses were performed on the reaction products of AtFUT4 incubated with arabinobiose, arabinotriose, and arabinotetraose. The presence of peaks for (1,2)-Araf and the absence of (1,2,3)-Araf and (1,2,5)-Araf peaks in all the spectra confirmed the findings from the NMR analyses, and further proved that for arabinobiose and arabinotetraose, Fuc is also added onto the terminal Ara at the non-reducing end of the oligosaccharides (Figure 8).
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FIGURE 7. NMR analysis of the products formed when arabinotriose was incubated with GFP-AtFUT4 and GDP-Fuc. The scheme of the reaction is shown at the top of the figure. The labeled cross-peaks in the two-dimensional COSY spectrum of the control (A) correspond to the anomeric signals of the residues of the arabinotriose. After the reaction with GFP-AtFUT4, the COSY spectrum (B) contained two additional signals, which were identified as terminal Fuc and an Ara with Fuc attached at O2. The signals surrounded by squares in the NOESY spectrum of the GFP-AtFUT4 reaction (C) indicate the glycosidic linkages in the enzymatically-generated fucosylated oligosaccharide. For the complete list of assignments, see Supplementary Table S2.
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FIGURE 8. Linkage analysis of the reaction products of arabinan oligosaccharides incubated with GFP-AtFUT4. (A) Unreacted arabinobiose and arabinobiose incubated with GFP-AtFUT4. (B) Unreacted arabinotriose and arabinotriose incubated with GFP-AtFUT4. (C) Unreacted arabinotetraose and arabinotetraose incubated with GFP-AtFUT4. The presence of the 1,2-Araf peak in the spectra of the reaction products indicates that Fuc is attached to the terminal non-reducing Ara in all the oligosaccharides. As the 1,3,5-Araf and the 1,2,5-Araf peaks appear in the unreacted and reacted spectra we do not ascribe these to transfer in those linkages.




GUS Promoter Studies Reveal AtFUT4 and AtFUT6 are Differentially Expressed in Arabidopsis thaliana Roots

The expression patterns of AtFUT4 and AtFUT6 have been previously reported at the whole organ level, with AtFUT4 being shown to localize to both the leaf and root, and AtFUT6 localizing only to the root (Sarria et al., 2001). It was accordingly demonstrated that AtFUT4 is solely responsible for the fucosylation of leaf AGPs, while both AtFUT4 and AtFUT6 function in the root to produce fucosylated AGPs (Liang et al., 2013; Tryfona et al., 2014). As both AtFUT4 and AtFUT6 are expressed and functional in the root, and produce the same fucosylated structures, we predicted that their co-expression in this tissue may be due to their gene expression and/or gene products sub-localizing to different cell types. Precedents for our prediction have been reported for the previously mentioned AGM1 and AGM2 (Temple et al., 2019; Smith et al., 2020), as well as for the two isoforms of GDP-d-mannose 4,6-dehydratase (GMD1 and GMD2) in A. thaliana (Bonin et al., 1997, 2003; Bonin and Reiter, 2000).

To investigate the cellular gene expression patterns of AtFUT4 and AtFUT6, transgenic plants containing the β-glucuronidase (GUS) reporter gene under control of the native promoter and 5' UTR (~2,500 bp upstream of the start codon) of AtFUT4 and AtFUT6 were generated. As expected, AtFUT4::GUS and AtFUT6::GUS exhibited differing, yet complementary, localization patterns. The first visible difference upon staining was at the tap root and lateral roots of the seedlings, with the root of AtFUT4::GUS seedlings staining everywhere except for the elongation and meristematic zones (Figures 9A–C). The tap root of AtFUT6::GUS seedlings, on the other hand, stained most visibly in the elongation and meristematic zones (Figures 9D–F). This pattern was repeated in newly formed and emerging lateral roots. The lateral roots of AtFUT4::GUS seedlings show strong GUS staining at the base of the lateral root but not at the tip, while the AtFUT6::GUS seedlings demonstrate the opposite pattern, exhibiting strong GUS staining only at the tip of the lateral root. The complementary GUS activity patterns detected for AtFUT4::GUS and AtFUT6::GUS suggest that AtFUT4 and AtFUT6 are cell-type specific in the root, and thus have differing physiological roles in planta.
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FIGURE 9. Imaging and staining of 12-day-old AtFUT4::GUS and AtFUT6::GUS seedlings. Multiple (n > 15) independent AtFUT4::GUS and AtFUT6::GUS plant lines are generated, grown, and observed for each construct. Visualization and qualitative analysis of GUS staining patterns of roots for two representative lines are shown. Staining patterns for lateral roots of increasing lengths are shown in (A,B,D,E), while close-ups of tap roots are shown in (C,F). (A,B) AtFUT4::GUS-1, (C) AtFUT4::GUS-2, (D,E) AtFUT6::GUS-1, and (F) AtFUT6::GUS-2.





DISCUSSION

Multiple lines of evidence are presented here to provide an updated view on the activities and substrate specificities of AtFUT1, AtFUT4, and AtFUT6. In contrast to previous findings, our data show that AtFUT4 and AtFUT6 have the same donor and acceptor substrate specificity and identically recognize various AG-like and non-AG-like oligosaccharides and polysaccharides as acceptor substrates (Figures 3, 5, 6). One critical trend that we observed is that AtFUT4 and AtFUT6 recognize both α-(1,3) and α-(1,5) linked Ara residues on AG-like and non-AG-like oligosaccharides and polysaccharides (Ruprecht et al., 2020), and do not fucosylate the β-(1,6)-linked Gal backbone or the β-(1,3)-linked Gal side-chains of their native targets, AGPs (Figure 6).

As demonstrated in this study, GFP-AtFUT4 and GFP-AtFUT6 appear to have much broader and less stringent specificities than GFP-AtFUT1. AtFUT1 has been demonstrated to fucosylate only the β-(1,2)-linked Gal residues of tamarind (Perrin et al., 1999) and A. thaliana XyG (Urbanowicz et al., 2017), and the β-(1,2)-linked galacturonic acid (GalA) residues of root hair XyGs on O2 of the Xyl residues closest to the reducing end of the XyG oligosaccharide (Peña et al., 2012; Figure 1C). In our in vitro studies and in the glycoarray study by Ruprecht et al. (2020), GFP-AtFUT4 and GFP-AtFUT6 recognize and fucosylate Ara in both α-(1,3) and α-(1,5) linkages, so long as those Ara residues are not on internal Gal residues of a 3-linked β-Gal oligosaccharide. Otherwise, GFP-AtFUT4 and GFP-AtFUT6 can add fucose to free Araf independently of the structure of the saccharide they are appended to. Additionally, GFP-AtFUT4 and GFP-AtFUT6 were shown to fucosylate an identical subset of the oligo- and polysaccharides in the glycoarray assay, further suggesting that they have identical specificity (Ruprecht et al., 2020). Both enzymes show selectivity for arabinogalactan structures; however, none of the structurally-related galactan structures nor other unrelated structures tested are fucosylated by these enzymes (Figure 2D; Ruprecht et al., 2020).

We recognize that reaction lengths of 16 h are unusual, and out of most physiological ranges, but these reactions were performed to identify if product formation could occur with the various oligosaccharides we selected for this study. Furthermore, we recognize that performing enzyme kinetics assays would provide more accurate representations of the activities of AtFUT4 and AtFUT6 in vivo. Due to the limited amounts of the oligosaccharides available for this study, and our downstream interests in utilizing these enzymes for the creation of oligo- and polysaccharides with specific modifications, we felt detailed enzyme kinetics to be out the scope of the current study. Regardless, we can conclusively report that while GFP-AtFUT4 and GFP-AtFUT6 recognized the same oligosaccharides as acceptors in our various in vitro assays, as well as in the more comprehensive glycoarray assay (Ruprecht et al., 2020), GFP-AtFUT4 was consistently more active than GFP-AtFUT6 (Figures 3–6). The arabinogalactan oligosaccharides that we have tested and that were included in the glycoarray studies (Ruprecht et al., 2020) are based on the limited structural information about arabinogalactan glycans currently available (Kieliszewski, 2001; Tryfona et al., 2012, 2014). Thus, we cannot dismiss the possibility that AtFUT6 may have preferences for an arabinogalactan substrate we have not considered. AtFUT6 may also require an additional cofactor(s) that has yet to be identified, and that is not required by AtFUT4. We also cannot omit the possibility that AtFUT6 may be fucosylating a yet unidentified Ara residue from another cell wall glycan, such as RG-I, which also has prominent AG side-chains. Finally, we presume, but have not validated, that GFP-AtFUT6 is fucosylating the various oligosaccharides tested, in an α-(1,2)-linkage as has now been shown for GFP-AtFUT4. Future experiments to optimize the activity of GFP-AtFUT6 may serve to characterize AtFUT6 and its intricacies in even more detail.

Despite the broader scope of acceptor substrates that GFP-AtFUT4 and GFP-AtFUT6 recognize, our results showed that GFP-AtFUT4, and most likely also GFP-AtFUT6, fucosylate the acceptor forming an α-(1,2)-linkage (Figure 8). Furthermore, we show that the minimum requirement for fucosylation by GFP-AtFUT4 and GFP-AtFUT6 appears to be the disaccharide arabinobiose (Figure 6), while that of GFP-AtFUT1 is much larger. Significant differences in the active sites of AtFUT4 and AtFUT6, as compared to the active site of AtFUT1, may account for the broader diversity of reactions that AtFUT4 and AtFUT6 can catalyze. For example, the active sites of AtFUT4 and AtFUT6 may be shallower than that of AtFUT1, allowing them to accommodate a wider array of oligosaccharides and polysaccharides. In contrast to AtFUT1, AtFUT4 and AtFUT6 may use an amino acid residue in the catalytic cleft as a catalytic base, which may explain the higher observed propensity of GFP-AtFUT4 and GFP-AtFUT6 to hydrolyze GDP-Fuc than detected for GFP-AtFUT1 (Figure 4). Structural biology efforts are underway to investigate these enzymes in more detail.

Our results, taken together, are not consistent with previous findings suggesting that AtFUT4 and AtFUT6 are non- or only partially-redundant, and rather suggest that AtFUT4 and AtFUT6 recognize the same structures as suitable acceptors in vitro, as both fucosylate the same oligosaccharides among those tested. Despite the apparent redundancies in the specificities of the AtFUT4 and AtFUT6 proteins in vitro, promoter-reporter gene studies show that AtFUT4 and AtFUT6 gene expression patterns sub-localize to different areas of the root in planta (Figure 9). As with other proteins that have been demonstrated to have cell-type specific expression patterns, for example GMD1 and GMD2 (Bonin et al., 2003), AtFUT4 and AtFUT6 are expressed in two distinct cellular regions of the plant root (Figure 9). As AtFUT6 is only expressed in the root tip (Figures 9D,E), this would suggest that AtFUT4 is the major contributor to AGP fucosylation in this organ, while AtFUT6 is functional in only a subset of cell types at the root tip. Studies on fut4/fut6 double mutants, however, point to the requirement of both genes for proper AGP fucosylation in order to maintain cell expansion under salt-stress conditions (Tryfona et al., 2014).

The findings from this study provide an important update on the function and specificities of two GT37 FUTs, AtFUT4 and AtFUT6. Additionally, another GT37 FUT, AtFUT7, has recently been shown to also be an active FUT with similar, though less extensive, selectivity for arabinogalactan oligosaccharides to AtFUT4 and AtFUT6 (Ruprecht et al., 2020). Detailed studies on the specificities of AtFUT7 may serve to decipher some of the discrepancies we observed between the activity levels of AtFUT4 and AtFUT6. It may be possible that AtFUT4 plays a major role in AGP fucosylation, while AtFUT6 and AtFUT7 have more specialized, cell-type specific roles in the fucosylation of AGPs and/or other fucosylated cell wall structures. Regardless, the combination of a broad glycan microarray assay followed with more detailed biochemical assays is a powerful technique for the discovery of novel plant GT functions. Applying this technique to the remaining members of the GT37 family may aid in the identification of the as-of-yet undetermined FUTs specific for the fucosylation of RG-I and RG-II. Altogether these discoveries serve to further our understanding of the plant-specific GT37 family, and provide further proof that previous struggles to study and functionally characterize plant GTs can be overcome. Finally, the broader specificity of functions identified for AtFUT4 and AtFUT6 will aid in the creation of specific modifications of plant cell wall structures and other, non-plant derived glycans.
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Roots supply plants with nutrients and water, besides anchoring them in the soil. The primary root with its lateral roots constitutes the central skeleton of the root system. In particular, root hairs increase the root surface, which is critical for optimizing uptake efficiency. During root-cell growth and development, many proteins that are components of, e.g., the cell wall and plasma membrane are constitutively transported through the secretory system and become posttranslationally modified. Here, the best-studied posttranslational modification is protein N-glycosylation. While alterations in the attachment/modification of N-glycans within the ER lumen results in severe developmental defects, the impact of Golgi-localized complex N-glycan modification, particularly on root development, has not been studied in detail. We report that impairment of complex-type N-glycosylation results in a differential response to synthetic phytohormones with earlier and increased root-hair elongation. Application of either the cytokinin BAP, the auxin NAA, or the ethylene precursor ACC revealed an interaction of auxin with complex N-glycosylation during root-hair development. Especially in gntI mutant seedlings, the early block of complex N-glycan formation resulted in an increased auxin sensitivity. RNA-seq experiments suggest that gntI roots have permanently elevated nutrient-, hypoxia-, and defense-stress responses, which might be a consequence of the altered auxin responsiveness.

Keywords: plant hormones, N-glycosylation, root hairs, auxin, root development


INTRODUCTION

Roots serve as the central organ to supply a plant with nutrients and water and as anchor in the soil. While the primary root (PR) and lateral roots (LRs) constitute the central skeleton of the root system, root hairs (RHs) in particular increase the root surface and thus are critical for and modulated by nutrient and water supply (Zhang et al., 2018; Vissenberg et al., 2020; Waidmann et al., 2020). During root (and RH) growth and development, many proteins are constitutively transported through the secretory system to reside at the plasma membrane (PM), in the apoplast, or the vacuole (Bassham et al., 2008; Schoenaers et al., 2017). Many of them are targets of posttranslational modifications that take place within the lumen or at the cytosolic face of the organelles that belong to this vesicle-connected endomembrane system. Probably one of the most important of these modifications is protein N-glycosylation, which describes the cotranslational addition of glycans to asparagine residues (Asn, N) in the lumen of the endoplasmic reticulum (ER). This occurs at specific consensus sequences N-X-(S/T) with the X symbolizing any amino acid except proline (Pro, P; Pless and Lennarz, 1977). Many of these sequences can be part of a protein, but not all of them are necessarily used or further modified (micro-heterogeneity), leading to a number of glycoprotein variants that are differently decorated (An et al., 2009; Mariño et al., 2010). As N-glycans are relatively large structures, they play a crucial role for the physicochemical properties (hydration, stability), and thus the shape and function of their glycoproteins (Imperiali and O’Connor, 1999; Wormald and Dwek, 1999; Helenius and Aebi, 2001).

The biosynthesis of N-glycans begins on the cytosolic face of the ER with the addition of N-acetylglucosamine (GlcNAc) to dolichol phosphate (Dol-P), followed by the addition of another GlcNAc and five mannoses (Man) from uridine diphosphate (UDP)-GlcNAc and guanosine diphosphate (GDP)-Man, respectively. The resulting Man5GlcNAc2-PP-Dol switches from the cytosolic to the luminal face of the ER (flip-flop) where the addition of four more Man and three glucose (Glc) residues via glycosyltransferases takes place (Abeijon and Hirschberg, 1992; Helenius and Aebi, 2002; Gomord et al., 2010). The oligosaccharide is then transferred from Glc3Man9GlcNAc2-PP-Dol to a nascent protein in the ER lumen by the membrane-bound OLIGOSACCHARYL-TRANSFERASE (OST) complex (Yan and Lennarz, 1999). The central, membrane-integral protein subunit that is part of the active center in the OST complex of eukaryotes is called STAUROSPORIN AND TEMPERATURE SENSITIVE 3 (STT3; Nilsson and Von Heijne, 1993; Yan and Lennarz, 2002). Mammals as well as plants harbor two STT3 isoforms (Gallois et al., 1997; Koiwa et al., 2003; Ruiz-Canada et al., 2009). Besides severe growth defects caused by OST subunit DEFECTIVE GLYCOSYLATION 1 (DGL1; Lerouxel et al., 2005), mutations in Arabidopsis STT3a only cause changes in root development and enhanced salt sensitivity (Koiwa et al., 2003). Furthermore, under-glycosylation observed in stt3a (but not stt3b) mutants led to a malfunction in plant defense by compromising the receptor-like kinase ELONGATION FACTOR RECEPTOR (EFR), but not FLAGELLIN-SENSITIVE 2 (FLS2; Häweker et al., 2010).

Proteins that are modified with high mannose N-glycans undergo quality control in the ER (ERQC). Here, the added N-glycans are highly important, since the three terminal glucosyl residues enable binding to the lectin chaperons calnexin and calreticulin during – sometimes repetitive – folding cycles (Helenius and Aebi, 2004). If a protein is folded correctly, a specific Man residue is clipped by class I ER-MANNOSIDASE (ER-MANI/MNS), which is the last step of N-glycan modification in the ER (Liebminger et al., 2009).

The glycoprotein is then transferred to the cis-face of the Golgi apparatus in which its N-glycans are further modified, first by α-MANNOSIDASE I (MANI), resulting in a Man5GlcNAc2 structure (Liebminger et al., 2009; Schoberer and Strasser, 2011). N-ACETYLGLUCOSAMINYLTRANSFERASE I/COMPLEX GLYCAN-LESS 1 (GNTI/CGL1; von Schaewen et al., 1993) then adds a GlcNAc residue to the trimmed 1,3 arm, and Golgi α-MANNOSIDASE II/HYBRID GLYCOSYLATION 1 (MANII/HGL1; Strasser et al., 2006) cleaves two mannosyl residues from the 1,6 arm (Johnson and Chrispeels, 1987; Kaushal et al., 1990; Tezuka et al., 1992). Similar to stt3a, cgl1 (gntI), and hgl1 (manII) mutants showed enhanced salt sensitivity, however, due to altered N-glycan maturation (Frank et al., 2008; Kang et al., 2008; Kaulfürst-Soboll et al., 2011). Following GNTI, and prior to the addition of another GlcNAc residue by GNTII to the MANII-trimmed 1,6 arm, the core N-glycan structure may be further modified with fucose on the proximal, N-attached GlcNAc by α1,3-FUCOSYLTRANSFERASE (FUCTa/FUT11, FUCTb/FUT12) and xylose on the bisecting Man residue by β1,2-XYLOSYLTRANSFERASE (XYLT; Zeng et al., 1997; Leiter et al., 1999; Strasser et al., 2000; Wilson et al., 2001a; Pagny et al., 2003; Kaulfürst-Soboll et al., 2011), with salt sensitivity also detected for the fuctab xylt triple mutant (Kang et al., 2008). Also, the two-terminal GlcNAc residues may be further modified. First with galactose by β1,3-GALACTOSYL-TRANSFERASE (GALT) and then with fucose by α1,4-FUCOSYLTRANSFERASE (FUCTc/FUT13), resulting in the formation of Lewis-a epitopes that were exclusively detected in the trans-Golgi network (TGN) and at the PM/apoplast, but not at the tonoplast/vacuoles (Melo et al., 1997; Fitchette et al., 1999; Léonard et al., 2002; Strasser et al., 2007). While a functional relevance has not been reported for Lewis-a epitopes so far (Wilson et al., 2001b; Maeda et al., 2016), a differential subcellular localization of FUCTc proteins from different plant species has recently been demonstrated (Rips et al., 2017).

In numerous developmental processes, including the regulation of PR and LR development, the phytohormones ethylene, cytokinin (CK), and auxin are of central importance (Abeles et al., 1992; El-Showk et al., 2013; Waidmann et al., 2020). Moreover, these hormones have a substantial impact on RH initiation and growth, which is of central importance for the uptake of water and nutrients (Vissenberg et al., 2020). Experiments with increased concentrations of NaCl, KCl, or LiCl revealed an importance of Golgi-based complex N-glycan modification during the salt stress response (Kang et al., 2008). Moreover, an increase in RH length has been described for gntI/cgl1 seedlings (Frank et al., 2008).

Here we report on the role of complex N-glycan modification for root development/architecture in Arabidopsis. Impairment in the formation of fully matured complex N-glycans resulted in an earlier start of RH elongation and a general increase in RH length. The synthetic phytohormones BAP (CK), NAA (auxin), or ACC (ethylene precursor) resulted in shortening of the PR, changes in LR number, and increased RH length. Intriguingly, loss of Lewis-a formation in galt or fuctc seedlings also resulted in elongated RH growth. Furthermore, all mutants with altered N-glycan processing in the Golgi apparatus appeared hypersensitive to NAA. RNA-seq data of untreated gntI vs. wild-type seedling roots point to an upregulation of nutrient- and hypoxia-related responses (among others) that may be related to an altered hormone homeostasis, especially of auxin and ethylene. Together our findings point to an important role of complex N-glycosylation for proteins involved in root development and/or signaling from post-Golgi compartments, as indicated by the re-programmed nuclear gene expression.



MATERIALS AND METHODS


Plant Material and Growth Conditions

The Columbia-0 (Col-0) ecotype of Arabidopsis thaliana was used as the wild type. The following mutant and transgenic Arabidopsis plants were used in this study: gntI (cgl1-2; Frank et al., 2008), manII (hgl1-1; Kang et al., 2008; Kaulfürst-Soboll et al., 2011), galt (galt1-1; Strasser et al., 2007), and fuctc (fuctc-1; Rips et al., 2017). All genotypes were confirmed by PCR analysis. Back-crossing of galt1-1 was conducted as described in Supplementary Figure S2. A schematic overview of all alleles used in this study is depicted in Supplementary Figure S7.

Seeds were stratified on petri plates for 2–3days containing plant growth medium [0.5 MS without vitamins, 0.1% (w/v) sucrose, 0.5g/L MES, adjusted to pH 5.7 with KOH, 1% agar]. For the mock treatment, diluted EtOH (f.c. 3.4 ‰ v/v) and DMSO (2.8 ‰ v/v) were added after autoclaving. Germination was in vertical position for 3days in a Percival growth chamber with illumination from the top (Osram LUMILUX cool white L 18W/840) under LD conditions: 16h light (150μmol quanta m−2 s−1) and 8h darkness at 23°C. Seedlings of two genotypes plus the wild type were transferred to three unsealed, but tape-fixed vertical plates each (with interchanged positions), containing the same medium plus mixed mock, or hormones as indicated: 0.15nM BAP (EtOH), 15nM NAA (DMSO), or 100nM ACC (H2O) plus the other solvent(s) of the mixed mock. For the NAA series, the DMSO concentration in the mock was adapted to the highest NAA concentration used (120nM), additionally including the EtOH concentration used before. Plates were cultivated in vertical position for seven more days under LD conditions until PRs, LRs, and RHs were measured and counted.



Plant Transformation and Confocal Laser Scanning (CLSM) Microscopy

The auxin signaling reporter 35S::DII-VENUS (Brunoud et al., 2012) and the CK signaling reporter TCSn::GFP (Zürcher et al., 2013) were introduced into Col-0 wild-type and gntI plants via Agrobacterium tumefaciens-mediated T-DNA insertion (Logemann et al., 2006). Several homozygous T3 lines were cultivated as stated before. Roots of 3-day-old or 10-day-old seedlings were stained for 5min at room temperature in a 10μgml−1 propidium iodide solution (stock: 10mgml−1 in distilled water), briefly rinsed in distilled water, and analyzed with a Leica TCS SP5 microscope with inverse optics (at 488nm excitation). Processing of the digital images was accomplished with the program Leica LAS AF.



Immunoblot Analysis

Immunoblot analyses were conducted essentially as described in Rips et al. (2017). Frozen samples (20 seedlings per genotype, stored at −20°C) were extracted in 120μl of protein extraction buffer [50mM HEPES pH 7, 2mM Na2S2O5, 1:100 (v/v) Proteinase-Inhibitor-Cocktail for use with plant extracts (Sigma), 1mM Pefabloc SC, 1:100 (v/v) Mercaptoethanol] using a potter and centrifuged at 13,500rpm (4°C) for 10min in a table top microfuge. The supernatants were transferred to new tubes and volume equivalents of 25μg protein each (Bradford assay) were separated by SDS-PAGE on 10% gels and blotted to nitrocellulose membranes (PROTRAN 0.45μm, GE Healthcare). The pellets were resuspended in 40μl of protein extraction buffer additionally containing 250mM NaCl and 0.1% SDS. After incubation for 30min at room temperature and centrifugation at 13,500rpm (20°C) for 10min in a table top microfuge, the same volume as used for the supernatant fractions was separated by SDS-PAGE and blotted. Blots were stained with Ponceau-S solution (Sigma), scanned, de-stained with TBST, and blocked with 5% (w/v) milk powder in TBST overnight at room temperature. Chemiluminescent development with complex glycan antisera was conducted as follows: α-PHA-L (Kaulfürst-Soboll et al., 2011) diluted 1:15,000 or α-HRP (Sigma) diluted 1:50,000 in TBST with milk powder, followed by Goat-anti Rabbit-HRP-conjugate diluted 1:15,000 (Bio-Rad, Munich). JIM84 (rat monoclonal α-Lewis a antibodies; Rips et al., 2017) diluted 1:40 in TBST without milk powder, followed by Goat-anti Rat-HRP-conjugate (Bio-Rad, Munich), diluted 1:15,000 in TBST without milk powder, prior to soaking membranes in ECL Select™ western blotting detection reagent (Amersham/GE Healthcare) and signal recording in a sensitive bioimager (MicroChemi, DNR).



Primary Root, Lateral Root, and Root Hair Measurement/Counting

After cultivation, vertical plates were scanned, and LRs were counted manually. Root tips of PRs were photographed with a binocular (Model LEICA MZ 16 F with inverse illumination and camera LEICA DFC420 C), as well as RHs (within 6.7mm, starting from the first visible RH bulb) were measured and counted using ImageJ®. A partially elongated RH was defined as being visibly longer than broad. LR and RH density was calculated using Microsoft Excel®.



Statistical Analysis

R Studio® was used for statistical analysis of all PR-, LR-, and RH-related data.

Homogeneity and homoscedasticity were tested by Shapiro-Wilk and Levene tests (p ≥ 0.05) before ANOVA was performed, followed by a Tukey post hoc test. If assumptions were not met, transformations (log, sqrt) were conducted. A Kruskal-Wallis test was performed and corrected for multiple comparisons by running the Benjamini-Hochberg (BH) procedure, if assumptions were still not met after transformation.



Sampling and RNA Isolation for Transcriptome Analysis by RNA-Seq

For RNA-seq experiments, three gntI and wild-type pools, consisting of 25 roots each, were harvested from the vertical plates and total RNA was isolated as described in Frank et al. (2020). After library construction, RNA-seq data were generated as described in Mittal et al. (2017).



Acquisition and Analysis of RNA-Seq Data

RNA-seq data analysis was performed using the Galaxy platform.1 Reads were trimmed using Trimmomatic (Bolger et al., 2014) and quality control performed with FastQC.2 Reads were aligned to the TAIR10 reference genome using HISAT2 (Kim et al., 2015) and aligned reads were counted with HTSeq (Anders et al., 2015). Differentially expressed genes (DEG) were extracted using DESeq2 (with BH corrected p ≤ 0.05; Love et al., 2014). GO enrichment of DEG was performed using PANTHER3 with the binomial test type and Bonferroni correction for multiple testing. Raw data are deposited at the Sequence Read Archive (SRA4) with the BioProject ID PRJNA682418.




RESULTS


Plants Impaired in Complex-Type N-Glycan Maturation Display Alterations in the Root Hair Landscape

Previous studies by Kang et al. (2008) and Frank et al. (2008) reported that especially under salt stress, but also under normal conditions, absence of complex-type N-glycosylation had an impact on root development. We, therefore, cultivated Col-0 wild type in parallel with gntI, manII, galt, and fuctc seedlings to specify the role of N-glycan modification in the Golgi in this context. Immunoblot analysis indicated that only Col-0 and manII display binding to Lea epitopes. As published before, core fucose- or xylose-specific signals were absent from gntI. In manII, only little was detected with α-PHA-L vs. α-HRP (Supplementary Figure S1, due to altered binding specificities; Kaulfürst-Soboll et al., 2011), whereas galt and fuctc behaved similar to wild type. No significant differences in PR length, LR and RH density were observed between the genotypes (Figures 1A–C), but alterations in complex N-glycan modification resulted in an increase of RH length and in a reduced distance between the first general and the first elongated RH (Figures 1D,E). We stained RHs of the wild type and the gntI mutant and found that the first RH is initiated at about the same position (ca. 1mm from the tip), notably with no obvious differences in the meristematic zone (Supplementary Figure S2). Especially gntI and manII were strongly affected, but also loss of Lewis-a formation in galt and fuctc resulted in an about two-fold increase of RH length (Col-0: 0.034 vs. galt or fuctc: 0.066mm) and an over 40% decrease in the distance between the first general and the first elongated RH compared to wild type. We initially noticed that the roots of some galt plants formed very short RHs, which was likely caused by a secondary mutation, since it could be successfully crossed out (Supplementary Figure S3).
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FIGURE 1. Plants lacking fully matured complex N-glycans differ in the root hair landscape and are auxin hypersensitive. (A) Primary root length, (B) lateral root density, (C) root hair density, (D) root hair length, and (E) distance between first general and first partially elongated root hair of N-glycosylation mutants and wild-type plants cultivated for 8days on mock (black boxes), 15nM BAP (green boxes), or 15nM NAA (red boxes). Letters indicate significant differences between groups [p ≤ 0.05; (A–C,E) two-way ANOVA with Tukey post hoc test; (D) Kruskal-Wallis test, FDR corrected via Benjamini-Hochberg]. (F) Pictures of wild type (Col-0) and N-glycosylation mutant root tips. Black arrows indicate the first general root hair while white arrows point to the first partially elongated root hair. Scale bars: 500μm. (G) N-glycan structures of the mutants tested. PR, primary root; LR, lateral root; RH, root hair; Asn, Asparagine; GlcNAc, N-acetylglucosamine.


Taken together, an impairment in complex-type N-glycan maturation in the Golgi apparatus led to the formation of longer RHs and an earlier start of RH elongation under control conditions.



Complex-Type N-Glycosylation Dependent Changes in Root Hair Development May Be the Result of an Auxin Imbalance

Cytokinin, auxin, and ethylene are well-studied main regulators of root architecture, and positively influence RH development and elongation (Vissenberg et al., 2020). To examine a possible impact of these hormones on the observed phenotypic alterations in mutants affected in complex N-glycan modification (cgly mutants), we applied either the CK derivative BAP (15nM), the auxin derivative NAA (15nM), or the ethylene precursor ACC (100nM) to 3-day-old seedlings and evaluated the root responses of the mutant genotypes to that of the wild type.

BAP treatment led to a general decrease in PR length, resulted in a mild but mostly not significant reduction in LR density, and was paralleled by an increased RH density with no significant differences among the genotypes (Figures 1A–C). RHs were between three- and seven-times longer compared to control conditions, with the same tendency of longer RHs in the cgly mutants compared to the wild type (e.g., Col-0: 0.034 vs. 0.229mm or manII: 0.118 vs. 0.343mm; Figure 1D). Strikingly, the differences observed regarding the distance from the first overall to the first elongated RH among the mutant genotypes were completely abolished by the BAP treatment (Figure 1E).

NAA treatment resulted in minor changes of PR length and led to an increased LR density without any significant differences between the genotypes at 15nM (Figures 1A,B). However, all cgly mutants displayed a hypersensitivity to NAA in terms of RH density, RH length, and distance between the first overall and the first elongated RH (Figures 1C–E). While the wild type did not respond to the NAA treatment, the cgly mutants displayed an up to twice as dense RH system, in which RHs were three to six times longer (e.g., gntI: 0.086 vs. 0.192mm or fuctc: 0.066 vs. 0.122mm; Figure 1D). Moreover, the distance between the first overall and the first elongated RH was reduced up to 7.5 times.

ACC treatment led to a general decrease in PR length, did not impact LR density, and resulted in an increased RH density (Figures 2A–C). RHs were up to three times longer compared to control conditions with the same tendency of longer RHs in the cgly mutants compared to the wild type (e.g., Col-0: 0.064 vs. 0.305mm or manII: 0.284 vs. 0.364mm; Figure 2D). Notably, differences in the distance from the first overall to the first elongated RH were completely abolished by the ACC treatment (Figure 2E).
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FIGURE 2. Roots compromised in complex N-glycan modification respond wild type-like to ACC. (A) Primary root length, (B) lateral root density, (C) root hair density, (D) root hair length, and (E) distance between first general and first partially elongated root hair of N-glycosylation mutants and wild-type plants cultivated for 8days on mock (black boxes) or 100nM ACC (blue boxes). Letters indicate significant differences between groups [p ≤ 0.05; (A–C,E) two-way ANOVA with Tukey post hoc test; (D) Kruskal-Wallis test, FDR corrected via Benjamini-Hochberg]. (F) Pictures of wild type (Col-0) and N-glycosylation mutant root tips. Black arrows indicate the first general root hair while white arrows point to the first partially elongated root hair. Scale bars: 500μm. (G) N-glycan structures of the mutants tested. PR, primary root; LR, lateral root; RH, root hair; Asn, Asparagine; GlcNAc, N-acetylglucosamine.


To further support the obtained effects with CK and NAA, we studied the signaling output of these hormones by using reporter constructs. The CK signaling reporter TCSn::GFP (Zürcher et al., 2013) did not indicate any differences in GFP signal intensity between Col-0 and gntI in various independent transgenic lines (Figure 3A; Supplementary Figure S4), indicating that perhaps minor but no significant differences in CK signaling occur in the cgly mutants. An auxin hypersensitivity of gntI root tips was indicated by the reduced fluorescent signals of the 35S::DII-VENUS reporter (Brunoud et al., 2012) compared to the wild type in various independent lines (Figure 3B; Supplementary Figure S5).
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FIGURE 3. Roots compromised in complex N-glycan modification display a wild type-like CK and an increased auxin signaling output. Pictures of the representative (A) TCSn::GFP (TCSn) and (B) 35S::DII-VENUS (DII) output in Col-0 and gntI root tips are depicted. White arrows point to the level of the quiescence center. Scale bar: 20μm. PI, propidium iodide; BF, bright field. More pictures of multiple independent lines can be found in Supplementary Figures S4, S5.


Since mostly auxin signaling and responsiveness seemed to be affected in the cgly mutants, we applied NAA in concentrations between 0 and 120nM to the growth medium to examine the phenotypical response of gntI and wild type. NAA application resulted in a concentration-dependent increase of RH density in roots of both genotypes, especially on NAA concentrations ≥ 30nM (Figure 4A). While gntI roots displayed an increased RH density throughout most concentrations compared to wild type, no significant differences in RH density were recorded at 0 and 120nM NAA. Similarly, RH length increased most dramatically by the application of more than 30nM NAA (Figure 4B). However, gntI roots also displayed significantly longer RHs growing on 15nM NAA, while wild-type roots were not responsive to this NAA concentration (see also Figure 1D). Lastly, the distance between the first RH bulb and the first partially elongated RH decreased with increasing NAA concentration in both genotypes (Figure 4C; Supplementary Figure S6). While the distance between these RH areas was shorter in gntI compared to wild-type roots at most NAA concentrations, it was similar at 120nM.
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FIGURE 4. Plants lacking complex N-glycans display an altered auxin response. (A) root hair density, (B) root hair length, and (C) distance between first general and first partially elongated root hair of wild-type (Col-0, black boxes) and gntI plants (gray boxes) cultivated for 8days on plates supplemented with the indicated NAA concentrations. Letters indicate significant differences between groups [p ≤ 0.05; (A,C) two-way ANOVA with Tukey post hoc test; (B) Kruskal-Wallis test, FDR corrected via Benjamini-Hochberg]. (D) Pictures of representative root tips. Black arrows indicate the first general root hair while white arrows point to the first partially elongated root hair. Scale bars: 500μm.


Taken together, PR length, LR density, and RH length were affected similarly in the cgly mutants, while differences in the start of RH elongation disappeared by application of the hormones. Interestingly, all mutant genotypes displayed a hypersensitive response to the synthetic auxin NAA in terms of RH length. Of note, abrogation of complex N-glycan modification in gntI appeared to increase the auxin-signaling output in root tips, leading to a shift in auxin sensitivity on RH elongation starting around 15nM NAA.



Roots Lacking Complex-Type N-Glycosylation Display Mostly Nutrient- and Hypoxia-Related Transcriptional Changes

Apart from studying the response of cgly mutant roots to several phytohormones, we compared the transcriptome of gntI and wild-type roots under control conditions. A total of 290 genes appeared to be differentially expressed. Of these, 186 genes were more abundant in gntI while 104 were less abundant. Among these genes, At4g33880, coding for the bHLH-VIIIc-/RSL-type transcription factor ROOT HAIR-DEFECTIVE 6-LIKE 2 (RSL2), which is involved in auxin-dependent RH elongation (Yi et al., 2010; Bhosale et al., 2018), was about two-fold more abundant in gntI (Supplementary Table S1). GO-term enrichment for biological processes revealed that those linked to nitrate metabolism and hypoxia/oxygen deprivation are significantly over-represented in gntI (Table 1). Moreover, enrichment for the GO term “molecular function” showed that those related to oxygen were over-represented as well (Table 2). Aside defense-related genes, GO terms directly connected to hormone homeostasis or signaling were not significantly over-/under-represented. But genes that are part of the GO term “cellular response to hypoxia” were found among the strongest DEG, notably in the ethylene-dependent hypoxia response (Supplementary Table S1; Yang et al., 2011).



TABLE 1. Enrichment of GO terms related to biological processes of differentially expressed genes between gntI and wild-type seedling roots.
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TABLE 2. Enrichment of GO terms related to molecular functions of differentially expressed genes between gntI and wild-type seedling roots.
[image: Table2]

All in all, the genome-wide transcriptome analysis revealed that a lack of complex-type N-glycans might induce RH elongation by increasing the abundance of genes known to be induced by auxin and/or ethylene.




DISCUSSION


Proteins Bearing Complex-Type N-Glycans May Be Involved in Root Hair Elongation

A fully developed root system is crucial to anchor a plant in the soil and to enable sufficient nutrient uptake. Our study demonstrated that any impairment in the structure of complex N-glycans – including the loss of Lewisa epitopes – results in alterations of the RH system, characterized by an earlier and more pronounced RH elongation (Figure 1). So far, an increased RH system has been described for the complete loss of complex-type N-glycosylation, e.g., in gntI seedlings (Frank et al., 2008; Liebminger et al., 2009). The apparent importance of Lewisa epitopes for RH elongation displays a novelty, since no other developmental process in which Lewisa epitopes are of particular relevance has been identified so far. During RH elongation, the cell wall at the RH tip is periodically acidified and loosened, and new cell-wall components for the PM and apoplast are constantly synthesized in the ER, modified in the Golgi apparatus, and secreted (Balcerowicz et al., 2015; Schoenaers et al., 2017). Especially glycoproteins that depend on complex-type N-glycan modification seem to be compromised in Arabidopsis and rice gntI mutants, leading to a reduced cellulose content (Kang et al., 2008; Fanata et al., 2013). Moreover, impairments in complex N-glycosylation affect the function and stability of KORRIGAN1, a glycoprotein with eight mostly complex N-glycans (Kang et al., 2008; Liebminger et al., 2013; Rips et al., 2014; Nagashima et al., 2020; Kaulfürst-Soboll et al., 2021), which plays an important role for cellulose synthesis at the PM (Nicol et al., 1998; Sato et al., 2001).

Of course, in the cgly mutants, several glycoproteins that are transported to the PM can be affected and thus (indirectly) affect RH elongation. The RNA-seq results described in this study hint at only mild changes of the transcriptome caused by missing complex N-glycan formation in gntI and were mostly related to hypoxia and nitrate responses (Tables 1, 2). They include increased abundance of RSL2 in gntI, which might contribute to its longer RHs, even though overexpression of RSL2 did not result in an exaggerated RH elongation (Yi et al., 2010).

All in all, the RNA-seq results suggest a stronger impact of missing complex N-glycan modification on the protein level, regarding characteristics like glycoprotein stability, protein interaction, substrate binding, and/or enzyme kinetics.



Complex N-Glycosylation Dependent Changes in the Root Hair Landscape Might Be the Result of Altered Hormone Signaling and/or Homeostasis

Phytohormones have a substantial impact on PR and LR development, as well as RH initiation and growth, which are all essential for water and nutrient uptake (Vissenberg et al., 2020; Waidmann et al., 2020). BAP (synthetic CK) and ACC (ethylene precursor) application experiments performed in this study revealed that PR length, LR density, and RH length are affected similarly in the cgly mutants vs. wild type, while differences in the start of RH elongation disappeared by application of these hormones (Figures 1, 2). Also, the TCSn::GFP reporter did not indicate major differences in CK signaling between Col-0 and gntI (Figure 3A; Supplementary Figure S4). These results contrast studies reporting a CK hyposensitivity of the rice gntI mutant (Fanata et al., 2013). In principle, CK output may be influenced by complex N-glycosylation at various levels. For example, CK perception by ARABIDOPSIS HISTIDINE KINASEs (AHKs) takes place in part at the PM (Antoniadi et al., 2020; Kubiasová et al., 2020), and these receptors harbor potential N-glycosylation sites in their ectodomains (e.g., AHK4/CRE1/WOL1). At least the localization and thus function of CYTOKININ INDEPENDENT1 (CKI1), another histidine kinase involved in CK perception (Kakimoto, 1996; Deng et al., 2010), was sensitive to the complete absence of N-glycans as shown by tunicamycin treatment (Hwang and Sheen, 2001). Also, CK transport via AZA-GUANINE RESISTANT1 (AZG1) and AZG2, which were localized at the ER and the PM (Tessi et al., 2020), could be affected, since these transport proteins may harbor N-glycans as well. In contrast, ethylene signaling components are confined to the ER and therefore unlikely to be direct targets of complex N-glycan modification. Nevertheless, the transcriptome data for gntI seedling roots indicate that ethylene-dependent hypoxia responses are impacted (Table 1; Supplementary Table S1; Yang et al., 2011).

Apart from CK and ethylene, all cgly mutants were revealed to be auxin-sensitive, particularly in terms of RH length. Application of increasing NAA concentrations to wild-type and gntI roots demonstrated that auxin sensitivity in gntI is altered as much as it is mimicked by the perception of 15nM NAA in wild type (Figures 1, 4), potentially impacting crosstalk between auxin and ethylene in roots (Swarup et al., 2007). Supportive for an altered auxin status was the increased auxin signaling output in gntI root tips compared to wild type using the DII-VENUS reporter (Figure 3B; Supplementary Figure S5). The latter would explain the transcriptome changes in gntI, since auxin signaling is increased in root tips under hypoxia (Eysholdt-Derzsó and Sauter, 2017), and ethylene-responsive genes were enriched among the GO term “cellular response to hypoxia” (Supplementary Table S1). Moreover, RSL2 expression is controlled by auxin signaling (Bhosale et al., 2018).

Deficiency of complex N-glycan modification could affect the auxin output at different levels. Potential targets within the auxin-signaling cascade may involve the family of TRANSMEMBRANE KINASE (TMK) receptor-like kinases (Xu et al., 2014). For example, TMK1 harbors six potential N-glycosylation sites (Chang et al., 1992). A parallel study reports on altered auxin signaling for GNTI-RNAi and MANII-RNAi tomato lines during fruit ripening (Kaulfürst-Soboll et al., 2021), and especially free mannose-terminated N-glycans of Man5GlcNAc structure were found to antagonize auxin-induced fruit ripening in tomato (Yunovitz and Gross, 1994). One could therefore speculate that the occurrence, lifetime, or activity of free N-glycans differs in wild type compared to roots of the cgly mutants, and thus results in altered auxin responsiveness. Another potential target could be auxin transport by PINOID (PIN) or ATP-BINDING CASSETTE B (ABCB) proteins, which harbor N-glycosylation sites as well, e.g., the abcb4 mutant displays shorter RHs than Col-0 wild type (Kubeš et al., 2011). Supporting this, previous studies suggest that auxin import via ABCBs requires complex-type N-glycans to positively regulate RH growth in rice (Wang et al., 2014) and that auxin transport is impaired in rice shoots lacking core fucosylation (Harmoko et al., 2016).

Based on the results of this study, we propose a model in which the influence of complex-type N-glycans on RH elongation may lie either upstream or downstream of the auxin output (Figure 5). For example, auxin transporters may be affected differently by immature vs. fully matured N-glycans, which could be downstream of indole acetic acid (IAA; panel A), while the scenario of a receptor with altered signaling output is depicted in panel B, and alterations operating in parallel to hormone signaling in panel C. We speculate that in wild-type roots with fully matured complex N-glycans, a (group of) yet unknown N-glycosylated factor(s) or free N-glycans regulate(s) RH elongation. An impairment of fully matured complex N-glycans in the cgly mutants enforces the auxin output through these factors, resulting in exaggerated RH elongation. To identify one of the key players will be a challenge for future experiments.
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FIGURE 5. Potential interplay between auxin (IAA) and complex N-glycosylation during RH elongation. (A) In wild-type roots with fully matured complex N-glycans, a (group of) yet unknown N-glycosylated factor(s) (gray circle with question mark) or free N-glycans act downstream of auxin (indole acetic acid, IAA) to regulate RH elongation. An impairment of fully matured N-glycans in complex glycosylation mutants (depicted by N-glycans as they appear in gntI) results in exaggerated elongation of RHs (thick black arrow). (B) Complex N-glycosylation acts upstream of IAA to regulate RH elongation. An impairment of fully matured N-glycans in complex glycosylation mutants results in exaggerated RH elongation by enforcing the auxin output. (C) Complex N-glycosylation acts independent of IAA on RH elongation. RH, root hair; GlcNAc, N-acetylglucosamine.
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Glycosylation is a fundamental co-translational and/or post-translational modification process where an attachment of sugars onto either proteins or lipids can alter their biological function, subcellular location and modulate the development and physiology of an organism. Glycosylation is not a template driven process and as such produces a vastly larger array of glycan structures through combinatorial use of enzymes and of repeated common scaffolds and as a consequence it provides a huge expansion of both the proteome and lipidome. While the essential role of N- and O-glycan modifications on mammalian glycoproteins is already well documented, we are just starting to decode their biological functions in plants. Although significant advances have been made in plant glycobiology in the last decades, there are still key challenges impeding progress in the field and, as such, holistic modern high throughput approaches may help to address these conceptual gaps. In this snapshot, we present an update of the most common O- and N-glycan structures present on plant glycoproteins as well as (1) the plant glycosyltransferases (GTs) and glycosyl hydrolases (GHs) responsible for their biosynthesis; (2) a summary of microorganism-derived GHs characterized to cleave specific glycosidic linkages; (3) a summary of the available tools ranging from monoclonal antibodies (mAbs), lectins to chemical probes for the detection of specific sugar moieties within these complex macromolecules; (4) selected examples of N- and O-glycoproteins as well as in their related GTs to illustrate the complexity on their mode of action in plant cell growth and stress responses processes, and finally (5) we present the carbohydrate microarray approach that could revolutionize the way in which unknown plant GTs and GHs are identified and their specificities characterized.

Keywords: Arabidopsis, glycosyltransferases, plant protein glycosylation, glycan arrays, O-glycosylation, N-glycosylation, glycosyl hydrolases, glycan functions


INTRODUCTION

In the model plant Arabidopsis thaliana, approx. 10–15% of the genome is devoted to construction, dynamic architecture, sensing functions, and metabolism of the plant cell wall (Cosgrove, 2005). The major components of plant cell walls include a complex composite of polysaccharide networks, lignin (secondary walls) together with minor amounts (generally less than 10%) of N- and/or O-glycosylated proteins (Somerville et al., 2004; Cosgrove, 2005; Albenne et al., 2009; Ellis et al., 2010; Lamport et al., 2011; Zielinska et al., 2012). Protein glycosylation, through co- and/or post-translational modification, results in addition of glycans (mono-/oligo-/polysaccharides and GPI anchors) that influence a protein’s stability, location and functional properties (Lerouge et al., 1998; Nagashima et al., 2018). While N-glycan synthesis in the endoplasmic reticulum (ER) is relatively well conserved in eukaryotes, N-glycan processing and O-glycan biosynthesis in the Golgi apparatus (GA) are kingdom-specific and result in different oligosaccharide structures attached to glycoproteins in plants and mammals (Gomord et al., 2010). The prasinophytes situated at the base of the green plant lineage feature a much simpler set of N-glycan elaborations (Ulvskov et al., 2013) which may represent either the primordial eukaryotic N-glycosylation machinery or be the result of gene loss. Following initial processing steps in the ER, the N-glycans show differences in the maturation steps in the GA. Interestingly, plant N-glycans differ from their animal counterparts by the following: (1) the complete absence of sialic acid, (2) the core Fuc residues (where present) are α(1 → 3) rather than α(1 → 6)-linked to the reducing GlcNAc, and (3) the core β-mannosyl residue is often substituted with Xylβ(1 → 2) (Sturm, 1995). In contrast to N-glycosylation, the primary mechanism for O-glycosylation in plants is unique among eukaryotes and is via attachment to the hydroxyl group of the imino acid hydroxyproline (Hyp/O; in mammalian systems this type of glycosylation is to hydroxylysine) and less commonly to the hydroxyl group of serine [Ser; e.g., in extensins (EXTs) (Kieliszewski, 2001)]. This O-linked glycosylation determines the molecular properties and biological functions of members of the Hyp-rich glycoprotein (HRGP) superfamily and some secreted small peptides (e.g., CLE for CLAVATA3/Endosperm surrounding region). In addition, in plants there is a complete absence of GalNAc-Ser/Thr in secreted glycoproteins that is common in mammalian secreted glycoproteins and whilst there are also some other forms of O-glycosylation they are less common (e.g., Ser-O-GlcNAc on cytoplasmic and nuclear proteins). This overview should be read in conjunction with more focused reviews recently published by Seifert (2020) and Silva et al. (2020) to gain a comprehensive coverage of the structure, function and biosynthesis of arabinogalactan-proteins (AGPs).



N-GLYCAN PROCESSING PATHWAY IN PLANTS: GLYCOSYLTRANSFERASES (GTS) AND GLYCOSYL HYDROLASES (GHS)

Asparagine (N)-linked glycosylation is a major co- and post-translational modification of proteins entering the secretory pathway. The initial step of N-glycosylation is the en bloc transfer of a preassembled oligosaccharide (Glc3Man9GlcNAc2) from a lipid carrier, dolicholpyrophosphate (PP-Dol) to selected Asn residues primarily in the canonical sequence Asn-X-Ser/Thr (X≠Pro) within nascent polypeptides, although some non-consensus sequences have been reported (Figure 1; Strasser, 2016). The lipid-linked oligosaccharide precursor is assembled in a stepwise manner by Asn-linked glycosylation (ALG) enzymes. The final step at the cytosolic side of the ER is catalyzed by ALG11 that transfers two consecutive α-(1 → 2) Man residues to the lipid-linked oligosaccharide. The resulting Man5GlcNAc2-PP-Dol is then transported across the ER membrane by a flippase-like protein and used as substrate in the ER lumen by the three mannosyltransferases ALG3, ALG9, ALG12 and the three glucosyltransferases (ALG6, ALG8, and ALG10) from Dol-P donors. The multi-subunit oligosaccharyltransferase (OST) complex catalyzes the transfer of the assembled oligosaccharide to the nascent polypeptide in the lumen of the ER with all subsequent steps restricted to the lumen of either the ER or GA. In the ER, the three Glc residues are sequentially trimmed by α-glucosidase I (GCSI) and II (GCSII) and a single α-(1 → 2)-Man residue is removed from the middle branch of the oligomannosidic N-glycan by the ER-α-mannosidase I (MNS3) to form the Man8GlcNAc2 structure (Liebminger et al., 2009). In the GA, the Golgi α-mannosidase I (MNS1/MNS2) cleaves off three additional Man residues and generates the acceptor substrate for N-acetylglucosaminyltransferase I (GnTI) that initiates complex-type N-glycan biosynthesis (von Schaewen et al., 1993; Strasser et al., 1999a, b). The product of GnTI can be either further trimmed by Golgi α-mannosidase II (GMII) or serve as a substrate for β-(1 → 2)-xylosyltransferase (XylT). N-acetylglucosaminyltransferase II (GnTII) transfers the second GlcNAc residue to complex-type N-glycans and core α-(1 → 3)-fucosyltransferase (FUT11/FUT12) attaches a α-(1 → 3)-linked Fuc to the innermost GlcNAc residue. The core fucosylation linkage is different from mammalian complex N-glycans which have a α-(1 → 6)-Fuc linked to the innermost GlcNAc residue (Strasser et al., 2004). The resulting structure (also termed GnGnXF) with two terminal GlcNAc residues, a β-(1 → 2)-linked Xyl and a core α-(1 → 3)-linked Fuc is the most prevalent complex-type N-glycan in plants (Wilson et al., 2001; Zeng et al., 2018). Truncated (paucimannosidic) N-glycans are generated in post-Golgi compartments either by the vacuolar β-N-acetylhexosaminidase 1 (HEXO1) or by HEXO3 which resides mainly in the plasma membrane/apoplast (Liebminger et al., 2011). The most elaborate complex-type N-glycans are generated in the trans Golgi by β-(1 → 3)-galactosyltransferase 1 (GALT1) and α-(1 → 4)-fucosyltransferase (FUT13) (Strasser et al., 2007b). The resulting Lewis A structure [α-L-Fucp-(1 → 4)- β-D-Galp-(1 → 3)- β-D-GlcpNAc-R] is ubiquitously found in plants (Fitchette-Lainé et al., 1997; Wilson et al., 2001; Zeng et al., 2018), but present only on a small number of secretory glycoproteins.
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FIGURE 1. N-glycosylation and N-glycan maturation steps in plants. Several Asn-linked glycosylation (ALG) enzymes catalyze the assembly of the dolichol pyrophosphate (PP)-linked oligosaccharide in the cytosol and ER. The multi-subunit oligosaccharyltransferase (OST) complex transfers the oligosaccharide to accessible Asn-residues of nascent proteins. N-glycan processing enzymes: α-glucosidase I (GCSI), α-glucosidase II (GCSII), ER α-mannosidase I (MNS3), Golgi α-mannosidase I (MNS1/MNS2), β-(1 → 2)-N-acetylglucosaminyltransferase I (GnTI), β-(1 → 2)-N-acetylglucosaminyltransferase II (GnTII), β-(1 → 2)-xylosyltransferase, core α-(1 → 3)-fucosyltransferase (FUT11/FUT12), β-(1 → 3)-galactosyltransferase 1 (GALT1), and α-(1 → 4)-fucosyltransferase (FUT13). Terminal GlcNAc residues can be removed by β-hexosaminidases (HEXO1/3). GHs and GTs are listed in Tables 1, 2 while probes against N-glycans are listed in Table 3.



Impaired N-glycosylation due to either a defective OST complex or a blocked Glc removal from the transferred oligosaccharide results in lethality in Arabidopsis (Boisson et al., 2001; Gillmor et al., 2002; Koiwa et al., 2003; Lerouxel et al., 2005). Distinct oligomannosidic N-glycans in the ER are critical for ER quality control and ER-associated degradation (ERAD) (Jin et al., 2007; Hong et al., 2012; Hüttner et al., 2014). For example, the biogenesis of the Arabidopsis EF-Tu receptor (EFR) is dependent on Glc trimming and reglucosylation of oligomannosidic N-glycans and association with the lectin chaperones calnexin/calreticulin (Li et al., 2009; Lu et al., 2009). Mutant misfolded variants of BRASSINOSTEROID INSENSITIVE1 (BRI1) that expose a terminal α-(1 → 6)-linked Man on the oligomannosidic N-glycan are recognized by the lectin OS9 and sent to ERAD (Hong et al., 2008, 2012; Hüttner et al., 2012). Knockout of the three α-mannosidases (MNS1–MNS3) involved in trimming of oligomannosidic N-glycans to Man5GlcNAc2 causes a severe root development phenotype (Liebminger et al., 2009). GnTI-deficient mutants (cgl1) which completely lack complex N-glycans and display primarily Man5GlcNAc2, on the other hand, do not show any growth or morphological phenotype in Arabidopsis (von Schaewen et al., 1993). However, a salt sensitivity phenotype has been described for cgl1 and other Arabidopsis N-glycan processing mutants that completely lack complex N-glycans or specific modifications in the GA and there are links to a role in cell wall formation (Kang et al., 2008). The β - (1→4)-endoglucanase KORRIGAN1, one of the potential glycoprotein candidates playing a role in these processes, does not require complex N-glycans for its activity (Liebminger et al., 2013), but there are other unknown factors that require GnTI and affect KORRIGAN1 function (Rips et al., 2014). Notably, an Arabidopsis mutant lacking complex N-glycans due to a deficiency in the UDP-GlcNAc transporter 1 (UGNT1) does not show a salt sensitivity phenotype (Ebert et al., 2018). Apart from Arabidopsis, complex N-glycan deficient rice and Lotus japonicus mutants have been characterized which display severe defects in growth and reproduction (Fanata et al., 2013; Strasser, 2014; Harmoko et al., 2016; Pedersen et al., 2017). Collectively, while the oligomannosidic N-glycans play a role in ER-quality control, the potential suite of biological functions of complex-type and paucimannosidic N-glycans on glycoproteins is still largely unknown and the underlying mechanisms remain to be elucidated for the described phenotypes in Arabidopsis and other plant species.

The biological function of the β-N-acetylhexosaminidase (HEXOs), especially HEXO3 acting at the plasma membrane/apoplast is unknown. In addition to HEXOs, it is possible that other GHs (Table 1) liberate monosaccharides from complex N-glycans either on a specific group of glycoproteins or in specific cell-types. Golgi-localized enzymes such as the recently characterized exo-β-(1 → 3)-galactosidases (Nibbering et al., 2020) may to some extent hydrolyze the Gal transferred by GALT1 directly in the Golgi (Table 2). Similarly, either Nicotiana benthamiana BGAL1 or another GH with β-(1 → 3/4)-galactosidase activity could modify Lewis A structures in the apoplast (Kriechbaum et al., 2020). Plant α-(1 → 3/4)-fucosidases that can cleave off Fuc residues from Lewis A structures have been identified in several plant species (Zeleny et al., 2006; Rahman et al., 2016; Kato et al., 2018). The only Arabidopsis GH29 α-(1 → 3/4)-fucosidase, AtFUC1, acts in the glycan degradation pathway in the vacuole and hydrolyses primarily the core α-(1 → 3)-linked Fuc. Consistent with the described substrate specificity, the AtFUC1-deficient mutant displayed slightly higher levels of Lewis A containing complex N-glycans. The degradation pathway for oligomannosidic and complex N-glycans in the vacuole involves several GHs whose substrate specificities are already well characterized (Léonard et al., 2009; Ishimizu, 2015; Kato et al., 2018). Apart from exo-glycosidases, plants have endo-glycosidases such as peptide-N-glycanase A (PNGase A) that is active on small glycopeptides and hydrolyzes complex N-glycans with core α-(1 → 3)-linked Fuc (Tretter et al., 1991; Altmann et al., 1998). Certain plant tissues such as the maize endosperm harbor an endo-glycanase (ENGase) that is active on oligomannosidic N-glycans and cleaves within the chitobiose core (Rademacher et al., 2008). Single GlcNAc residues or chitobiose at N-glycosylation sites have been detected on plant proteins (Ishimizu et al., 1999; Kim et al., 2013; Xu et al., 2016). How abundant those truncated glycans are and whether they have specific functions or represent intermediates of degradation pathways remains to be shown.


TABLE 1. Selected examples for carbohydrate GTs acting on N-glycans and O-glycans including type-II AGs on AGPs and EXTs from Arabidopsis thaliana or otherwise as indicated.
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TABLE 2. Selected examples for carbohydrate GHs and lyases acting on N-glycans, O-glycans including type-II AGs on AGPs and EXTs.
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Oligomannosidic N-glycans are commonly detected with the lectin concanavalin A (ConA) derived from the jack-bean Canavalia ensiformis (von Schaewen et al., 1993). Complex and truncated N-glycans carrying β-(1 → 2)-linked Xyl and/or a core α-(1 → 3)-linked Fuc residues are detected with antibodies against horseradish peroxidase (HRP) (Wilson et al., 1998; Strasser et al., 2004). The Lewis A structure is specifically recognized by the monoclonal antibody (mAb) JIM84. Bacterial endo-β-N-acetylglucosaminidase H (Endo H) cleaves within the unsubstituted chitobiose core to release oligomannosidic N-glycans from glycoproteins (Tarentino et al., 1974). In contrast to the PNGase A from almond, PNGase F from Flavobacterium meningosepticum is inhibited by the presence of core α-(1 → 3)-linked Fuc (Tretter et al., 1991) and therefore only of limited use for the deglycosylation of plant glycoproteins decorated with complex N-glycans.



O-GLYCANS, GTS AND GHS OF PLANT GLYCOPROTEINS

O-linked glycosylation defines the molecular properties and biological function of the HRGP superfamily and some secreted small hormone peptides (e.g., CLE-like peptides). The HRGP superfamily is traditionally divided into three major subgroups: AGPs, EXTs including the Leucine-Rich eXtensins (LRXs), and the repetitive Pro-rich proteins (PRPs) (Seifert and Roberts, 2007; Ellis et al., 2010; Tan et al., 2012; Hijazi et al., 2014; Johnson et al., 2017). However, the HRGP superfamily is better understood as a spectrum of molecules ranging from the highly glycosylated AGPs to the minimally O-glycosylated PRPs. Two major types of O-glycans are attached to Hyp (O) in plant glycoproteins. The first type includes unbranched chains of up to five arabinose (Ara) units added to clusters of Hyp residues in EXTs (Marzol et al., 2018) and small CLE-like peptides (Ohyama et al., 2009; Shinohara and Matsubayashi, 2013). The second type are complex type II arabino-3,6-galactans (AGs) which are attached to non-contiguous Hyp residues (AO/SO/TO/VO) on AGPs and AGP-like proteins (Johnson et al., 2017). Finally, a single Gal is linked to Ser mostly in EXTs and EXT-related proteins. The Hyp contiguity hypothesis proposes that the addition of these two main types of O-glycan is controlled by “glycomotifs” in the HRGP protein sequence (Kieliszewski, 2001). This hypothesis predicts that short arabino-oligosaccharides are added to contiguous Hyp3–5 residues in EXTs, whereas complex AGs are assembled on clustered but non-contiguous Hyp residues in AGPs (Shpak et al., 1999; Tan et al., 2010). The only exception to this rule is CLE-like peptides (e.g., Tob/Tom-HypSys, PSY1, CLV3, and CLE2), in which non-contiguous Hyp residues are arabinosylated (Ohyama et al., 2009; Shinohara and Matsubayashi, 2013). The extent of glycosylation of PRPs remains unclear with low levels of Ara residues presumably O-linked to Hyp (Bernhardt and Tierney, 2000).


Arabinogalactan-Proteins-O-glycans and GTs

Arabinogalactan-proteins are complex cell surface proteoglycans with type II AG glycan moieties attached at non-contiguous Hyp residues consisting of a β-(1 → 3)-galactan backbone substituted at C(O)6 with side chains of β-(1 → 6)-galactan of variable length decorated further with Ara, and less frequently also with Fuc, Rha, (O-methyl)glucuronic acid (4-O-MeGlcA) and Xyl (Figure 2). AGPs have been implicated in a diverse array of plant growth and development processes including hormone signaling, cell expansion and division, embryogenesis of somatic cells, differentiation of xylem, reproduction and responses to abiotic stress (Seifert and Roberts, 2007; Ellis et al., 2010; Ma et al., 2018). Recently, it was shown that perturbing an AG-peptide (AGP21) in Arabidopsis triggers aberrant root hair development by altering expression of the homeodomain protein GLABRA 2 (GL2) expression in a BIN2 (a Type-II GSK3-like kinase)-dependent manner, similar to the phenotype observed in plants with defective brassinosteroid signaling (Borassi et al., 2020). These results imply an interesting parallel between plant AGPs and animal heparin sulfate proteoglycans (HSPGs), which are important co-receptors in signaling pathways mediated by growth factors, including members of Wnt/Wingless, Hedgehog, transforming growth factor−β, and fibroblast growth factor family members (Lin, 2004). AGP4, AGP6, and AGP11 from Arabidopsis have been shown to be essential for reproduction, with AtAGP4 shown to play a critical role in synergid degeneration and prevention of more than one pollen tube being attracted to the embryo sac (Pereira et al., 2016). AG glycan structures have also been found to be involved in reproductive development in Torenia fournieri with a methyl-glucuronosyl arabinogalactan (AMOR) released from the ovule inducing the competency of the pollen tube to respond to ovular attractant peptides (Mizukami et al., 2016; Jiao et al., 2017). UPEX1/KNS4/GALT14, a galactosyltransferase (GALT) from Arabidopsis that generates the β-(1 → 3)-galactan backbone of type II AG, has been shown to be vital for normal pollen exine development as upex1/kns4/galt14 mutants display a collapsed pollen phenotype with reduced viability and fertility (Suzuki et al., 2017). The requirement for specific glycan structures on AGPs for Ca2+ signaling during development is supported by mutants in GlcAT14 members. AG glycans with reduced glucuronosylation were shown to have lower Ca2+ binding capacity (Lopez-Hernandez et al., 2020). Double/triple glcat mutants displayed developmental defects that could be suppressed by additional Ca+2 in growth media. Unique glycan structures on AGPs in seagrasses, that include a high content of terminating 4-O-methyl-GlcA residues, are proposed to strengthen Ca2+ binding and limit the effects of salt as an adaptation to the marine environment (Pfeifer et al., 2020). These few examples demonstrate the indispensable nature of AGPs to plant processes and the important function their O-glycan moieties play, although their mechanistic role continues to remain elusive and ill-defined as recently reviewed (Seifert, 2020).
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FIGURE 2. Plant O-glycans. Schematic representation of an average carbohydrate structure of EXTs and AGPs with the GTs and GHs that have been characterized to date. Illustrated are the complex sugar side chains and the different linkages that are found in the sugar backbone. GHs and GTs are listed in Tables 1, 2 while probes recognizing specific epitopes in AGPs and EXTs are listed in Table 3. Number in brackets refer to GHs CAZY family. Please also see Silva et al. (2020) for GTs and GHs acting in AGP O-glycan processing.


In Arabidopsis, O-glycosylation of AGPs is initiated by a set of 8 Hyp-galactosyltransferases (Hyp-GALTs/HPGTs), which are members of the GT31 family1 (Lombard et al., 2014) and designated as GALT2-GALT6 and HPGT1-HPGT3 (also designated as GALT15-GALT17, respectively) (Basu et al., 2015a, b; Ogawa-Ohnishi and Matsubayashi, 2015) by different groups (Table 1 and Figure 2). These enzymes add a single Gal unit to Hyp residues. Other known GTs include β-(1 → 3)-GalTs also from the GT31 family such as GALT8, GALT9, KNS4/UPEX1/GALT14, (Qu et al., 2008; Li et al., 2012; Suzuki et al., 2017; Ruprecht et al., 2020) and β-(1 → 6)-galactosyltransferases such as GALT29A from GT29 (Geshi et al., 2013; Dilokpimol et al., 2014) although this activity is yet to be independently verified. Previously reported β-(1 → 6)-GalT activity for GALT31A (Geshi et al., 2013) has not been confirmed, rather it has been shown to possess β-(1 → 3)-GalT activity (Ruprecht et al., 2020). β-Glucuronosyltransferases including GlcAT14A-GlcAT14E from the GT14 family (Knoch et al., 2013; Dilokpimol et al., 2014; Lopez-Hernandez et al., 2020; Zhang et al., 2020) have been characterized as well as α-fucosyltransferases (FUT4, FUT6, and FUT7 from GT37) (Liang et al., 2013; Tryfona et al., 2014, Ruprecht et al., 2020) and a β-arabinosyltransferase (Reduced Arabinose Yariv1/RAY1 from GT77) (Gille et al., 2013). Two GlcA methyltransferases (AtAGM1 and AtAGM2) have also recently been identified (Temple et al., 2019). Collectively, this body of work highlights that robust data are required to confidently assign biochemical function(s) to GTs. Several other GTs involved in type II AG biosynthesis remain to be identified, including β-(1 → 6)-GalTs that elongate the side chains and other arabinosyltransferases, rhamnosyltransferases, and xylosyltransferases that decorate the non-reducing termini of the galactan chains as well as additional sugar modifying enzymes. Furthermore, structural characterization using NMR of artificial AGPs expressed in tobacco cell suspension cultures indicated kinks of β-(1 → 6)-linked Gal in the β-(1 → 3)-galactan backbone, suggesting the existence of additional GTs catalyzing the synthesis of this linkage (Tan et al., 2004, 2010). Please also see a recent review by Silva et al. (2020) that has reviewed the GTs acting in AGP O-glycan processing.



Variability of Type II AG O-Glycans

Compared to the relatively high degree of conservation of N-glycan structures, O-glycans attached to AGPs display a considerable degree of variation on every level (Figure 3 and references there in). There are variations between different species and tissues and in the same cell type at different stages of development. The common structural feature of type II AG that are O-linked to isolated Hyp residues on AGPs is a backbone of β-(1 → 3) Gal that contains β-(1 → 6) linked Gal side chains of variable length, although there are examples of β-(1 → 6) linked Gal backbones (Raju and Davidson, 1994; Dong and Fang, 2001). In some reports a β-(1 → 6) linked Gal is further β-(1 → 3) galactosylated forming a kink in the backbone (Churms et al., 1983; Bacic et al., 1987). Mostly however, the Gal side chains are modified by α-(1 → 3) linked L-Araf (Tryfona et al., 2010, 2012 and references therein). Additionally, the side branches can contain β-(1 → 6) linked GlcA or 4-O-MeGlcA. The L-Araf side groups are sometimes extended by one or two α-(1 → 3) linked L-Araf residues and terminated by either α-(1 → 3) linked L-Araf or α-(1 → 2) linked L-Fuc. In some cases, the L-Fuc is not the terminal sugar but further modified by β-(1 → 3) linked D-Xyl. While L-Araf incorporated in plant cell wall carbohydrates is predominantly found in its furanose form there have also been reports on L-Arap β-(1 → 3) linked to Araf or Galp as terminal sugars. Likewise, GlcAp and 4-O-methyl D-GlcAp are often found as terminal modifications of the galactan backbone but sometimes GlcA was found decorated by α-(1 → 4) linked L-Rha. In other cases, another β-(1 → 4) linked D-GlcA followed and terminated by β-(1 → 4) linked 4-O-methyl D-GlcAp were linked to this sugar. Another modification of D-GlcAp was α-(1 → 4) linked L-Rha as the first sugar of an extended heteropolymer resembling rhamnogalacturonan I. Besides this staggering multitude of structures attributed to AGP-linked type II AG, there exists variability in the degree of substitution of individual Hyp residues as well as the sizes of the individual glycans. This was demonstrated for artificial AGP-like fluorescent proteins that showed considerable variations in apparent molecular weight between different organs (Estevez et al., 2006). Moreover, the cell-type specific variation between type II AG structures is elegantly revealed by AGP-glycan specific monoclonal antibodies (mAbs) (Table 3).
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FIGURE 3. Arabinogalactan-protein glycan variation. Five structures of type II glycans found on AGPs demonstrating common motifs and variations. (A) This relatively small glycan was produced on an artificial AGP recombinantly expressed in tobacco cell cultures by Tan et al. (2004). Note the β-(1 → 6) kink in the β-(1 → 3) galactan backbone. (B) This structure approximates the model described for AGP glycans purified from A. thaliana leaves (Tryfona et al., 2012). Note that the actual size of many of the glycans is probably much bigger than the structure displayed here. In a later study by the same group, the terminal modification of L-Fuc by D-Xyl was described (Tryfona et al., 2014). (C) Using the same tools of enzymatic degradation and mass spectrometry, this group also described the glycan-structure of wheat flour AGP (Tryfona et al., 2010). Again, we show an approximation of their model that should accommodate large variations in glycan size. A noteworthy feature of this glycan is the occurrence of terminally linked L-Arap. (D) AGP-glycans of the see grass Zostera marina are particularly rich in 4-Me-GlcAp (Pfeifer et al., 2020). (E) The partial glycan structure of the type II AG linked to an AGP named as APAP1 that is linked to both rhamnogalacturonan 1 (RG1) and arabinoxylan (AX) (Tan et al., 2013). Legend for sugar symbols is as per Figure 2.



TABLE 3. Toolkit Abs/probes available to characterize N- and O-glycans.
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Arabinogalactan-Protein-Glycans Probes, Abs, and GHs

Characterization of AGP glycan structures is difficult due to the enormous diversity of protein backbones, the difficulty in extracting and purifying individual AGPs and the heterogeneity in their glycan moieties (Tan et al., 2012; Johnson et al., 2017). NMR techniques require significant amounts of relatively homogeneous samples and are therefore only rarely used on natural AGP glycans; for example, on the AGP glycans from pistils of Nicotiana alata (Gane et al., 1995). The most successful approaches include performing (i) linkage analyses of glycans in combination with partial chemical degradation of the polysaccharides (Pfeifer et al., 2020) and (ii) partial enzymatic degradation (GHs; Table 2) to analyze resulting oligosaccharides using carbohydrate gel electrophoresis (PACE) and MS fragmentation techniques (Tryfona et al., 2010, 2012). For specific detection of AGPs, β-Glc Yariv phenylglucoside reagent (1,3,5-tri-(4-β-D-glucopyranosyl-oxyphenylazo)-2,4,6-trihydroxybenzene) that recognizes and binds to β-(1 → 3)-Gal-linked oligosaccharides, six residues or longer, is used. In addition, numerous mAbs against AGP glycan epitopes are available (Table 3). A group of 36 AGP mAbs recognize a core set of Gal-β-(1 → 6)-Gal epitopes that are further sub-divided into three groups defined by side branches permitted and forbidden for mAb binding (Figure 2; Pattathil et al., 2010; Ruprecht et al., 2017). In addition, some mAbs recognize different epitopes, namely a β-(1 → 3)-trigalactosyl glycan (JIM133), a β-(1 → 6)-trigalactosyl glycan (JIM14) or a β-(1 → 6)-Gal branched β-(1 → 3)-trigalactosyl glycan (JIM16) while the terminal β-(1 → 6)-glucuronosyl modification is recognized by LM2. Furthermore, eel lectin binds to the terminal α-(1 → 2)-L-Fuc residue modification on AGPs. The binding epitopes of several AGP-specific mAbs remain to be characterized (e.g., JIM4, JIM8, JIM13, MAC207, and LM14) (Table 3).

An as yet incomplete list of GHs acting on various linkages in type II AGs are mainly known from various microbial sources (Table 3) and are used for their structural characterization. However, plant endogenous AGP-specific GHs have also been described. Two family GH43 exo-β-(1 → 3)-galactanases from Arabidopsis were shown to be required for controlling the apparent abundance of AGPs and their loss of function resulted in a sugar-conditional root expansion phenotype characteristic of many primary cell wall-defective mutants (Nibbering et al., 2020). Arabidopsis also has three close homologs encoding family 79 GHs. One member of this family named AtGUS2 was identified in a gel filtration fraction that showed O-β-glucuronidase activity in vitro (Eudes et al., 2008). A T-DNA insertion in this locus displayed abnormally short hypocotyls and overexpression of AtGUS2 enhanced both hypocotyl length and root length with purified AGPs displaying lower terminal-GlcA content. Finally, four Arabidopsis loci encode family 27 GHs named β-L-ARAPASE (APSE), and α-GALACTOSIDASE 1-3 (AGAL1-3) (Imaizumi et al., 2017). Although the majority of L-Ara found in plant carbohydrates is in its furanose form some examples of L-arabinopyranose (Arap) exist, one example being found in type II AGs (Tryfona et al., 2010). It was suggested that APSE and the AGALs act on these residues (Imaizumi et al., 2017), and apse agal3 mutants showed decreased β-L-arabinopyranosidase activity and increased levels of β-L-Arap, compared to wild type. Apart from a decrease in hypocotyl length, the apse agal3 mutants appeared phenotypically normal. Finally, a promiscuous α-L-arabinofuranosidase/β-D-xylosidase belonging to family GH3 has been purified and cloned from radish (Kotake et al., 2006]. However, since the Ara and Xyl residues exist in various carbohydrates it is presently unknown whether any of the fifteen Arabidopsis GH3 enzymes act as AGP-specific α-L-arabinofuranosidases. In addition, please see Silva et al. (2020) for GHs, both endogenous and heterologous, acting on type-II AG glycans of AGPs.



Extensins-Glycans, GTs, and GHs

Extensins are characterized by repetitive Ser-Hyp3–5 repeats, where the contiguous Hyp residues are substituted with up to 4–5 units of L-Araf with the following structure Hyp-O-(4 → 1)-β-L-Araf-(2 → 1)-β-L-Araf-(2 → 1)-β-L-Araf-(3 → 1)-α-L-term Araf; the linkage of the fifth Ara residue is not yet resolved (Velasquez et al., 2011; Møller et al., 2017), and the Ser is substituted with D-Gal as Ser-O-(1 → 3)-α-Galp (Saito et al., 2014) (Figure 2). EXTs and secreted signaling peptides require the conversion of specific peptidyl-proline residues to trans-4-Hyp by prolyl-4-hydroxylase (P4H) enzymes (Table 1). P4H enzymes are 2-oxoglutarate (2OG) dioxygenases that catalyze the formation of trans-4-Hyp from peptidyl-Pro (Koski et al., 2007, 2009). In root cells, P4H5 is the main P4H that initiates the hydroxylation of some Pro residues in EXTs, whereas P4H2 and P4H13 complete the hydroxylation on these contiguous Pro residues (Velasquez et al., 2011, 2015b). The first Araf is added by Hyp-O-β-arabinosyltransferase 1-3 (HPAT1-HPAT3), which belong to the GT95 family (Ogawa-Ohnishi et al., 2013). Reduced Residual Arabinose 1–3 (RRA1-RRA3) enzymes of the GT77 family are thought to transfer the second Araf (Egelund et al., 2007; Velasquez et al., 2011), while the third residue addition is catalyzed by Xyloglucanase113 (XEG113), which also belongs to the GT77 family (Gille et al., 2009). XEG113 was first identified in a screen of mutagenized Arabidopsis plants subjected to growth in liquid media in the presence of a xyloglucanase with xeg113 plants exhibiting more elongated hypocotyls than WT, providing genetic evidence that extensin arabinosylation is important for cell elongation (Gille et al., 2009). Finally, Extensin Arabinose Deficient (ExAD) transfers the fourth Araf residue with a α-(1 → 3) linkage. ExAD belongs to clade-E of the inverting GT47 family (Møller et al., 2017) (Table 1). The arabinosyltransferase that adds the fifth and final Ara unit has not yet been identified (Velasquez et al., 2011). On the other hand, O-arabinosylation with β-linked-L-arabinofuranosyltransferases at Hyp also takes place in the short signaling peptides of the CLE-like family using identical linkages/stereochemistry as used for the innermost three Araf residues found in the EXTs (Ito et al., 2006; Ohyama et al., 2009; Matsuzaki et al., 2010), suggesting that similar P4Hs and GTs might participate in these post-translational modifications. A single Serine-galactosyltransferase (SGT1/SerGT1) adds Gal to Ser in the repeated Ser-Hyp3–5 motif in EXTs (Saito et al., 2014). SerGT1 is the first example of a GT in the context of protein glycosylation with type-I membrane protein topology (i.e., N-terminal catalytic domain within the Golgi lumen) with no homology to known GTs, indicating that it is a novel plant-specific GT of the GT96 family (Table 1). Several EXT-specific mAbs are used to detect EXT epitopes but these epitopes remain to be structurally characterized (e.g., JIM11, JIM12, JIM19, JIM20, LM1) (see Table 3; Rydahl et al., 2018 and references therein).

Several GHs from different bacterial sources have been described that hydrolyze specific linkages within O-glycans of EXTs (Table 2). The GH127 enzyme from Xanthomonas euvesicatoria XeHypBA1 was described as a β-L-(1 → 2)-arabinofuranosidase (Nakamura et al., 2018) while two GH121 members, one from Bifidobacterium bifidum HypBA2 and XeHypBA2, were shown to hydrolyze the β-L-Araf-(2 → 1) linkages (Fujita et al., 2011, 2014; Nakamura et al., 2018). Finally, an α-L-(1 → 3)-arabinofuranosidase XeHypAA is able to hydrolyze β-L-Araf-(3 → 1)-α-L-Araf (Nakamura et al., 2018) (Table 2 and Figure 2). It is unclear if endogenous β-arabinofuranosidases are encoded by plant genomes, and if so whether they are secreted into the apoplast to regulate the length of EXTs O-glycans.



Decoding EXTs and Their O-Glycans Functions

It is already known that O-glycans increase HRGP solubility, resistance to proteolytic degradation and thermal stability (Shpak et al., 2001; Kieliszewski et al., 2011; Lamport et al., 2011; Seifert, 2020). EXTs are able to form, at least in vitro, a tridimensional covalent network through diTyr-linkages mediated by EXT peroxidases between individual EXT molecules and also via self-recognition and alignment of hydrophilic O-glycosylated Ser-(Hyp)3–4 repeats and hydrophobic peptide-cross-linking modules (Cannon et al., 2008). Thus, the ordered EXT monomer assembly in plant cell walls would involve a zipper-like endwise association via cross-linking at the ends of the molecules (Kieliszewski et al., 2011; Lamport et al., 2011). Recently, modeling experiments suggested that classical EXTs would be able to form a putative triple helix structure by lateral staggered alignment (Cannon et al., 2008) and diTyr cross-linking, similar to that present in collagen (Velasquez et al., 2015b; Marzol et al., 2018). It is also proposed that EXTs interact with pectins by a simple acid-base reaction forming a supramolecular ionic structure in the nascent cell wall (Valentin et al., 2010), which would serve as a framework for further cell wall deposition (Cannon et al., 2008; Lamport et al., 2011). In addition, covalent EXT-pectin cross-links were also suggested (Nuñez et al., 2009). However, it is unclear how EXT monomers are secreted and assembled into the glyco-network and how EXT and related glycoproteins-pectin interactions are controlled in a coordinated way during new cell wall formation.

Several mutants in O-glycosylation GTs of EXTs and related proteins (e.g., LRXs) have similarities to root hair-defective growth phenotypes (Velasquez et al., 2011; 2015b) and EXT content and their O-glycosylation levels were correlated with cotton fiber cell elongation (Guo et al., 2019), highlighting that O-glycans in EXTs affect EXT function during plant cell expansion. Furthermore, an in vitro study has revealed that both Ser-O-galactosylation and Hyp-O-arabinosylation determine the rate of EXT crosslinking and hence the efficiency of EXT network formation (Chen et al., 2015). Thus, correct arabinosylation of EXTs is essential for their in vivo functions. In addition, some of these mutants (e.g., rra2 and xeg113) showed enhanced susceptibility for specific root pathogens (Castilleux et al., 2020). The known roles of EXTs in cell wall assembly, cell shape and growth raises the question to the function of each individual EXT molecule (Hall and Cannon, 2002; Cannon et al., 2008; Velasquez et al., 2011). Although the Arabidopsis genome encodes several EXTs, so far only a single EXT mutant rsh (for root shoot hypocotyl-defective)/ext3) have a nearly lethal phenotype (Cannon et al., 2008). This finding suggests either the high redundancy or masked functions of EXTs in plant development, although their role in root hairs, pollen tubes and root growth are clear exceptions to this rule. Several EXT mutants (ext6-7/12-14/18) (Velasquez et al., 2011) and lrx1/2 mutants have aberrant root hair morphologies (Baumberger et al., 2001, 2003a, b; Ringli, 2010) and prp3 (Bernhardt and Tierney, 2000) display short root hairs. Characterization of multiple mutants for pollen LRXs (lrx8/9/10/11) indicates they are key components for proper polar growth as sentinels of cell wall integrity in these rapidly expanding cells (Fabrice et al., 2018; Wang et al., 2017; Sede et al., 2018; Herger et al., 2019) while the triple mutant lrx3/4/5 showed defects in cell expansion in root cells (Draeger et al., 2015), possibly mediated by abnormal vacuolar expansion (Dünser et al., 2019). Recently, a mechanism of action for LRXs was proposed based on LRX8 and LRX9 binding in the apoplast to the Rapid Alkalinization Factor 4-19 (RALF4 and RALF19) peptides as well as to the extracellular domains of some transmembrane receptors such as CrRLK1Ls (e.g., ANX1,2 and BUDS1,2) (Ge et al., 2017; Mecchia et al., 2017). In a similar manner, the extracellular LRX3/4/5-RALF22/23 together with CrRLK1L FERONIA (FER) are able to coordinate growth under salt conditions (Zhao et al., 2018, 2020) and LRX1/5-RALF1-FER in shoot and root growth (Dünser et al., 2019; Herger et al., 2020). It has been proposed that LRXs work together with CrRLK1Ls and RALF peptides to monitor the plant cell wall integrity status during cell growth (Ge et al., 2017; Mecchia et al., 2017; Dünser et al., 2019; Herger et al., 2020). Although the structural basis for the interaction between LRXs and RALFs peptides was recently established (Moussu et al., 2020), it is unclear how the O-glycans in the EXT domain of LRXs affects these protein-protein interactions. Since the EXT domain is variable among LRXs both in terms of length and motif (Baumberger et al., 2003a, b; Borassi et al., 2016), it is proposed that it has adapted to the specific cell wall architecture of the numerous tissues where they are located as putative cell wall integrity sensors (Baumberger et al., 2003a, b; Marzol et al., 2018; Sede et al., 2018; Herger et al., 2019).



CHEMICAL SYNTHESIS, GLYCAN ARRAYS AND TECHNOLOGICAL CHALLENGES

The tremendous heterogeneity of plant cell wall glycans such as the O-glycans in AGPs make the identification of the exact molecular structures that serve either as acceptors for GTs, substrates for GHs or epitopes for mAbs very challenging. There are basically two options to procure suitable oligosaccharide samples for biochemical assays used in GT functional studies. One possibility is purification of oligosaccharides from digests of natural polysaccharides or glycoproteins, which can provide a large number of oligosaccharides in acceptable time, but oftentimes with compromised purity and in limited quantities (Tan et al., 2012). The second possibility is chemical synthesis, which gives access to significant amounts of well-defined and pure oligosaccharides but is very time consuming (Kinnaert et al., 2017; Pfrengle, 2017). Automated glycan assembly (AGA) can significantly accelerate the process of chemical synthesis for a number a glycan classes (Seeberger, 2015). In AGA, protected monosaccharide building blocks are coupled in a stepwise manner to a linker-functionalized Merrifield resin, in a computer-controlled and automated manner. While many different complex oligosaccharides have been synthesized by AGA, only recently has it begun to be explored for synthesizing plant glycans, including AGP O-glycans (Bartetzko and Pfrengle, 2019). Chemically synthesized glycans as well as natural polysaccharides and isolated oligosaccharides can be printed as glycan arrays to obtain high-throughput platforms for analyzing plant cell wall-related enzymes and molecular probes such as mAbs (Møller et al., 2008; Pedersen et al., 2012). A recently developed glycan array equipped with chemically synthesized plant cell wall glycans, including many AGP glycan related substrates, has proven useful for the rapid characterization of a large number of cell wall glycan-directed mAbs (Ruprecht et al., 2017). The same glycan array has also aided in identifying acceptor substrates for GTs involved in AGP glycan biosynthesis such as GalT31A and FUT7 (Figure 4; Ruprecht et al., 2020). By extension, this technology has the potential to reveal the biochemical function of novel GTs that act in the O-glycosylation pathway of plant HRGPs and other glycoproteins.


[image: image]

FIGURE 4. Glycan array assay for GT characterization. Glass slides equipped with plant cell wall-related oligosaccharides are incubated with azido-functionalized sugar nucleotides and GT candidates expressed in, for example human embryonic kidney (HEK) 293 cells. Any transferred monosaccharide is visualized by azide-alkyne cycloaddition reaction with a fluorescent dye to determine reactive acceptors (reprinted from Ruprecht et al., 2020).




PERSPECTIVES AND FUTURE CHALLENGES IN PLANT GLYCOBIOLOGY

Major developments in nuclease-based gene editing, quantitative transcriptomics, metabolomics, and proteomics are now enabling high throughput approaches to explore plant protein and lipid glycosylation through analyzing and targeting enzymes involved in glycosylation processes. Although there has been significant progress in plant glycobiology, there are still many remaining fundamental questions to be addressed. Here, we attempt to highlight some selected aspects that are key to accelerating progress in this field:

• In vivo N- and O-glycan mapping. The chemical reporter strategy known as bio-orthogonal click chemistry has arisen as a powerful methodology to investigate the dynamics and functions of non-genetically encoded biomolecules such as sialylated (Chang et al., 2009; Laughlin and Bertozzi, 2009; Mbua et al., 2013), fucosylated (Hsu et al., 2007; Laughlin and Bertozzi, 2009; Besanceney-Webler et al., 2011), and mucin-type O-linked glycans (Laughlin and Bertozzi, 2009; Baskin et al., 2010) in live cells and model organisms (Prescher and Bertozzi, 2005; Grammel and Hang, 2013). This approach relies on the labeling of specific sugars by feeding cells with a synthetic monosaccharide analog carrying a chemical reporter that is then reacted with a probe (e.g., a fluorophore suitable for fluorescent microscopy imaging) in living systems to locate/visualize the incorporated reporter. Despite the fast-growing number of examples of this potent method in animal cells, reports describing its use in plant biology are surprisingly few (Anderson et al., 2012; Dumont et al., 2016; Zhu et al., 2016; Zhu and Chen, 2017). In part, this is due to the capacity of these probes to penetrate the cell wall barrier and, in part, due to the limited diversity of sugar analogs available to replace the endogenous sugars that need to be transported into the plant cell, and incorporated into glycan structures by GTs in a similar manner. Other new technologies are being developed to directly perform imaging of single glycan molecules that are isolated by mass-selective, soft-landing electrospray ion beam deposition and imaged by low-temperature scanning tunneling microscopy (Wu et al., 2020). This generates glycan structures at the single-molecule and single cell levels to directly relate how molecular structure correlates with properties – a step forward toward cracking the “sugar code.”

• GT activity characterization by glycan arrays. The use of glycan arrays equipped with oligosaccharide acceptors, in combination with expressed GT/GH candidates, may significantly accelerate the identification and characterization of further GTs/GHs responsible for plant glycosylation/modulation in the future. To enable rapid progress in this area, intensive research on the chemical and/or enzymatic synthesis of oligosaccharide acceptors and sugar nucleotide donors as well as on high-yielding production of active GT candidates in different expression systems is required. In this direction, a JBEI (The Joint BioEnergy Institute) GT Collection with almost 500 GTs from Arabidopsis and rice were cloned in-frame into Gateway technology compatible vectors to readily enable downstream applications (Lao et al., 2014). Either more collective resources from our laboratories (a major barrier for individual groups when research funding is scarce) or commercial intervention (which would require the same importance placed on plant biology as medical research where such resources are provided) are necessary to drive functional genomic approaches in plant glycobiology.

• Structural diversity in N- and O-glycans present in plant glycoproteins. Although some progress has been made recently, the precise N-glycan composition of individual native plant glycoproteins from different cells or tissues is only partially known (Xu et al., 2016; Zeng et al., 2018). Future efforts will aim to obtain a more comprehensive picture on N-glycan composition within specific glycoproteins to identify distinct N-glycan structures that are causative for a specific phenotype. In the same vein, determining functional roles for individual HRGP O-glycoproteins has been hampered by our failure to directly characterize each of these complex O-glycan structures. Only few studies have been able to purify AGPs and analyze their glycan structural variations in detail (Tan et al., 2004; Tryfona et al., 2010, 2012, 2014; Pfeifer et al., 2020). Biochemical characterization needs to be linked to detailed functional studies (e.g., site-directed mutagenesis). In general, functional validation is experimentally much more complex as well as time-consuming compared to the biochemical quantitation of the O-glycosylation levels. Furthermore, small changes in O-glycosylation in AGPs/FLAs and in EXTs can result in either activation or inactivation of their in vivo functions and can have an effect on their subcellular localization targeting (Velasquez et al., 2015b; Xue et al., 2017; Borassi et al., 2020; Seifert, 2020), so the functional relevance of each event cannot directly be inferred from large-scale quantitative analysis. A dual convergent approach between both enzymology/biochemistry and genetics is required to address this important aspect of plant glycoprotein structural diversity at the single cell level.

• Overcome functional genetic redundancy of plant glycoproteins. Addressing genetic redundancy and functional overlap might be achieved by using multiplex CRISPR-CAS9/genome editing/gene knock-out technology. Some recent reports have used this approach to overcome functional redundancy in AGPs (Moreira et al., 2020) and in GTs (e.g., GLCATs) acting on AGPs (Zhang et al., 2020). This might be extended to investigate their function in other plant species.

• Plant glycoproteome-interactome. Finding new proteins associated with plant glycoproteins, plant GTs and GHs will expand our knowledge on the regulatory aspects of plant glycobiology. New techniques such as proximity labeling (e.g., APEX, TurboID, etc.) together with the existing tools for detecting in vivo protein-protein interactions (e.g., BiFC, TriFC, FRET, etc.) will allow us to improve our plant glycobiology interactome inventory. Deeper integration of the N-and O-glycosylation pathway into the broader context of plant cell biology and systems biology is necessary. We envisage the development of a broad atlas of glycomes across plant tissues and cell types to integrate protein glycosylation features into plant gene and protein databases.



AUTHOR CONTRIBUTIONS

KJ, MD, CR, and FP analyzed the references, wrote the manuscript, and helped on the figures design. RS, GS, AB, and JE analyzed the references, supervised the project, and wrote the manuscript. All authors have read the manuscript and have approved this submission.



FUNDING

This work was supported by grants from the Austrian Science Fund (FWF) P31920-B22 to RS and P32332-B to GS, the German Research Council (DFG) PF850/1-1 and PF850/7-1 to FP, the Australia Research Council to the ARC Centre of Excellence in Plant Cell Walls (CE1101007) to AB, MD, and KJ, and ANPCyT (PICT2016-0132 and PICT2017-0066), Fondo Nacional de Desarrollo Científico y Tecnológico (1200010), and Instituto Milenio iBio – Iniciativa Científica Milenio, MINECON to JE.

FOOTNOTES

1
www.cazy.org/


REFERENCES

Albenne, C., Canut, H., Boudart, G., Zhang, Y., San Clemente, H., Pont-Lezica, R., et al. (2009). Plant cell wall proteomics: mass spectrometry data, a trove for research on protein structure/function relationships. Mol. Plant 2, 977–989. doi: 10.1093/mp/ssp059

Altmann, F., Paschinger, K., Dalik, T., and Vorauer, K. (1998). Characterisation of peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase A and its N-glycans. Eur. J. Biochem. 252, 118–123. doi: 10.1046/j.1432-1327.1998.2520118.x

Anderson, C. T., Wallace, I. S., and Somerville, C. R. (2012). Metabolic click-labeling with a fucose analog reveals pectin delivery, architecture, and dynamics in Arabidopsis cell walls. Proc. Natl. Acad. Sci. U.S.A. 109, 1329–1334. doi: 10.1073/pnas.1120429109

Bacic, A., Churms, S. C., Stephen, A. M., Cohen, P. B., and Fincher, G. B. (1987). Fine structure of the arabinogalactan-protein from Lolium multiflorum. Carbohydr. Res. 162, 85–93. doi: 10.1016/0008-6215(87)80203-3

Bakker, H., Schijlen, E., de Vries, T., Schiphorst, W., Jordi, W., Lommen, A., et al. (2001). Plant members of the alpha1–>3/4-fucosyltransferase gene family encode an alpha1–>4-fucosyltransferase, potentially involved in Lewis(a) biosynthesis, and two core alpha1–>3-fucosyltransferases. FEBS Lett. 507, 307–312. doi: 10.1016/s0014-5793(01)02999-4

Bartetzko, M. P., and Pfrengle, F. (2019). Automated glycan assembly of plant oligosaccharides and their application in cell-wall biology. ChemBioChem 20, 877–885. doi: 10.1002/cbic.201800641

Baskin, J. M., Dehnert, K. W., Laughlin, S. T., Amacher, S. L., and Bertozzi, C. R. (2010). Visualizing enveloping layer glycans during zebrafish early embryogenesis. Proc. Natl. Acad. Sci. U.S.A. 107, 10350–10365.

Basu, D., Liang, Y., Liu, X., Himmeldirk, K., Faik, A., Kieliszewski, M., et al. (2013). Functional identification of a hydroxyproline-O-galactosyltransferase specific for arabinogalactan protein biosynthesis in Arabidopsis. J. Biol. Chem. 288, 10132–10143. doi: 10.1074/jbc.M112.432609

Basu, D., Tian, L., Wang, W., Bobbs, S., Herock, H., Travers, A., et al. (2015a). A small multigene hydroxyproline-O-galactosyltransferase family functions in arabinogalactan-protein glycosylation, growth and development in Arabidopsis. BMC Plant Biol. 15:295. doi: 10.1186/s12870-015-0670-7

Basu, D., Wang, W., Ma, S., DeBrosse, T., Poirier, E., Emch, K., et al. (2015b). Two hydroxyproline galactosyltransferases, GALT5 and GALT2, function in arabinogalactan-protein glycosylation, growth and development in Arabidopsis. PLoS One 10:e0125624. doi: 10.1371/journal.pone.0125624

Baumberger, N., Doesseger, B., Guyot, R., Diet, A., Parsons, R. L., Clark, M. A., et al. (2003a). Whole-genome comparison of leucine-rich repeat extensins in Arabidopsis and rice: a conserved family of cell wall proteins form a vegetative and a reproductive clade. Plant Physiol. 131, 1313–1326. doi: 10.1104/pp.102.014928

Baumberger, N., Ringli, C., and Keller, B. (2001). The chimeric leucine rich repeat/extensin cell wall protein LRX1 is required for root hair morphogenesis in Arabidopsis thaliana. Genes Dev. 15, 1128–1139. doi: 10.1101/gad.200201

Baumberger, N., Steiner, M., Ryser, U., Keller, B., and Ringli, C. (2003b). Synergistic interaction of the two paralogous Arabidopsis genes LRX1 and LRX2 in cell wall formation during root hair development. Plant J. 35, 71–81. doi: 10.1046/j.1365-313x.2003.01784.x

Bernhardt, C., and Tierney, M. L. (2000). Expression of AtPRP3, a proline-rich structural cell wall protein from Arabidopsis is regulated by cell-type-specific developmental pathways involved in root hair formation. Plant Physiol. 122, 705–714. doi: 10.1104/pp.122.3.705

Besanceney-Webler, C., Jiang, H., Wang, W., Baughn, A. D., and Wu, P. (2011). Metabolic labeling of fucosylated glycoproteins in Bacteroidales species. Bioorg. Med. Chem. Lett. 21, 4989–4992. doi: 10.1016/j.bmcl.2011.05.038

Boisson, M., Gomord, V., Audran, C., Berger, N., Dubreucq, B., Granier, F., et al. (2001). Arabidopsis glucosidase I mutants reveal a critical role of N-glycan trimming in seed development. EMBO J. 20, 1010–1019. doi: 10.1093/emboj/20.5.1010

Borassi, C., Gloazzo Dorosz, J., Ricardi, M. M., Carignani Sardoy, M., Pol Fachin, L., Marzol, E., et al. (2020). A cell surface arabinogalactan-peptide influences root hair cell fate. New Phytol. 227, 732–743. doi: 10.1111/nph.16487

Borassi, C., Sede, A. R., Mecchia, M. A., Salgado Salter, J. D., Marzol, E., Muschietti, J. P., et al. (2016). An update on cell surface proteins containing extensin-motifs. J. Exp. Bot. 67, 477–487. doi: 10.1093/jxb/erv455

Bradley, D. J., Wood, E. A., Larkins, A. P., Galfre, G., Butcher, G. W., and Brewin, N. J. (1988). Isolation of monoclonal antibodies reacting with peribacteriod membranes and other components of pea root nodules containing Rhizobium leguminosarum. Planta 173, 149–160. doi: 10.1007/BF00403006

Burn, J., Hurley, U., Birch, R., Arioli, T., Cork, A., and Williamson, R. (2002). The cellulose-deficient Arabidopsis mutant rsw3 is defective in a gene encoding a putative glucosidase II, an enzyme processing N-glycans during ER quality control. Plant J. 32, 949–960. doi: 10.1046/j.1365-313x.2002.01483.x

Cannon, M. C., Terneus, K., Hall, Q., Tan, L., Wang, Y., Wegenhart, B. L., et al. (2008). Self-assembly of the plant cell wall requires an extensin scaffold. Proc. Natl. Acad. Sci. U.S.A. 105, 2226–2231. doi: 10.1073/pnas.0711980105

Cartmell, A., Munoz-Munoz, J., Briggs, J. A., Ndeh, D. A., Lowe, E. C., Basle, A., et al. (2018). A surface endogalactanase in Bacteroides thetaiotaomicron confers keystone status for arabinogalactan degradation. Nat. Microbiol. 3, 1314–1326. doi: 10.1038/s41564-018-0258-8

Castilleux, R., Plancot, B., Gügi, B., Attard, A., Loutelier-Bourhis, C., Lefranc, B., et al. (2020). Extensin arabinosylation is involved in root response to elicitors and limits oomycete colonization. Ann. Bot. 125, 751–763. doi: 10.1093/aob/mcz068

Chang, P. V., Chen, X., Smyrniotis, C., Xenakis, A., Hu, T., Bertozzi, C. R., et al. (2009). Metabolic labeling of sialic acids in living animals with alkynyl sugars. Angew. Chem. Int. Ed. Engl. 48, 4030–4033. doi: 10.1002/anie.200806319

Chen, Y., Dong, W., Tan, L., Held, M. A., and Kieliszewski, M. J. (2015). Arabinosylation plays a crucial role in extension cross-linking In Vitro. Biochem. Insights 8, 1–13.

Churms, S. C., Merrifield, E.-H., and Stephen, A. M. (1983). Some new aspects of the molecular structure of Acacia senegal gum (gum arabic). Carbohydr. Res. 123, 267–279. doi: 10.1016/0008-6215(83)88483-3

Cosgrove, D. J. (2005). Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6, 850–861. doi: 10.1038/nrm1746

Dilokpimol, A., Poulsen, C. P., Vereb, G., Kaneko, S., Schulz, A., and Geshi, N. (2014). Galactosyltransferases from Arabidopsis thaliana in the biosynthesis of type II arabinogalactan: molecular interaction enhances enzyme activity. BMC Plant Biol. 14:90. doi: 10.1186/1471-2229-14-90

Dong, Q., and Fang, J. N. (2001). Structural elucidation of a new arabinogalactan from the leaves of Nerium indicum. Carbohydr. Res. 332, 109–114. doi: 10.1016/s0008-6215(01)00073-8

Draeger, C., Ndinyanka Fabrice, T., Gineau, E., Mouille, G., Kuhn, B. M., Moller, I., et al. (2015). Arabidopsis leucine-rich repeat extensin (LRX) proteins modify cell wall composition and influence plant growth. BMC Plant Biol. 15:155. doi: 10.1186/s12870-015-0548-8

Dumont, M., Lehner, A., Vauzeilles, B., Malassis, J., Marchant, A., Smyth, K., et al. (2016). Plant cell wall imaging by metabolic click-mediated labelling of rhamnogalacturonan II using azido 3-deoxy-d-manno-oct-2-ulosonic acid. Plant J. 85, 437–447. doi: 10.1111/tpj.13104

Dünser, K., Gupta, S., Herger, A., Feraru, M. I., Ringli, C., and Kleine-Vehn, J. (2019). Extracellular matrix sensing by FERONIA and leucine-rich repeat extensins controls vacuolar expansion during cellular elongation in Arabidopsis thaliana. EMBO J. 38:e100353. doi: 10.15252/embj.2018100353

Ebert, B., Rautengarten, C., McFarlane, H. E., Rupasinghe, T., Zeng, W., Ford, K., et al. (2018). A Golgi UDP-GlcNAc transporter delivers substrates for N-linked glycans and sphingolipids. Nat. Plants 4, 792–801. doi: 10.1038/s41477-018-0235-5

Eda, M., Ishimaru, M., Tada, T., Sakamoto, T., Kotake, T., Tsumuraya, Y., et al. (2014). Enzymatic activity and substrate specificity of the recombinant tomato β-galactosidase 1. J. Plant Physiol. 171, 1454–1460. doi: 10.1016/j.jplph.2014.06.010

Egelund, J., Obel, N., Ulvskov, P., Geshi, N., Pauly, M., Bacic, A., et al. (2007). Molecular characterization of two Arabidopsis thaliana glycosyltransferase mutants, rra1 and rra2, which have a reduced residual arabinose content in a polymer tightly associated with the cellulosic wall residue. Plant Mol. Biol. 64, 439–451. doi: 10.1007/s11103-007-9162-y

Ellis, M., Egelund, J., Schultz, C. J., and Bacic, A. (2010). Arabinogalactan-proteins: key regulators at the cell surface? Plant Physiol. 153, 403–419. doi: 10.1104/pp.110.156000

Estevez, J. M., Kieliszewski, M. J., Khitrov, N., and Somerville, C. (2006). Characterization of hydroxyproline rich oligopeptides with AGP- and extensin-motifs expressed in Arabidospsis: posttranslational modifications, in situ localization and phenotypic effects. Plant Physiol. 142, 458–470. doi: 10.1104/pp.106.084244

Eudes, A., Mouille, G., Thevenin, J., Goyallon, A., Minic, Z., and Jouanin, L. (2008). Purification, cloning and functional characterization of an endogenous beta-glucuronidase in Arabidopsis thaliana. Plant Cell Physiol. 49, 1331–1341. doi: 10.1093/pcp/pcn108

Fabrice, T. N., Vogler, H., Draeger, C., Munglani, G., Gupta, S., Herger, A. G., et al. (2018). LRX proteins play a crucial role in pollen grain and pollen tube cell wall development. Plant Physiol. 176, 1981–1992. doi: 10.1104/pp.17.01374

Fanata, W. I., Lee, K. H., Son, B. H., Yoo, J. Y., Harmoko, R., Ko, K. S., et al. (2013). N-glycan maturation is crucial for cytokinin-mediated development and cellulose synthesis in Oryza sativa. Plant J. 73, 966–979. doi: 10.1111/tpj.12087

Fitchette-Lainé, A. C., Gomord, V., Cabanes, M., Michalski, J. C., Saint Macary, M., Foucher, B., et al. (1997). N-glycans harboring the Lewis a epitope are expressed at the surface of plant cells. Plant J. 12, 1411–1417. doi: 10.1046/j.1365-313x.1997.12061411.x

Fujita, K., Sakamoto, S., Ono, Y., Wakao, M., Suda, Y., Kitahara, K., et al. (2011). Molecular cloning and characterization of a β-L-arabinobiosidase in Bifidobacterium longum that belongs to a novel glycoside hydrolase family. J. Biol. Chem. 286, 5143–5150. doi: 10.1074/jbc.M110.190512

Fujita, K., Takashi, Y., Obuchi, E., Kitahara, K., and Suganuma, T. (2014). Characterization of a novel β-L-arabinofuranosidase in Bifidobacterium longum. J. Biol. Chem. 289, 5240–5249. doi: 10.1074/jbc.M113.528711

Gane, A. M., Craik, D., Munro, S. L. A., Howlett, G. J., Clarke, A. E., and Bacic, A. (1995). Structural analysis of the carbohydrate moiety of arabinogalactan-proteins from stigmas and styles of Nicotiana alata. Carbohydr. Res. 277, 67–85. doi: 10.1016/0008-6215(95)00197-2

Ge, Z., Bergonci, T., Zhao, Y., Zou, Y., Du, S., Liu, M. C., et al. (2017). Arabidopsis pollen tube integrity and sperm release are regulated by RALF-mediated signaling. Science 358, 1596–1600. doi: 10.1126/science.aao3642

Geshi, N., Johansen, J. N., Dilokpimol, A., Rolland, A., Belcram, K., Verger, S., et al. (2013). A galactosyltransferase acting on arabinogalactan protein glycans is essential for embryo development in Arabidopsis. Plant J. 76, 128–137.

Gille, S., Hänsel, U., Ziemann, M., and Pauly, M. (2009). Identification of plant cell wall mutants by means of a forward chemical genetic approach using hydrolases. Proc. Natl. Acad. Sci. U.S.A. 106, 14699–14704. doi: 10.1073/pnas.0905434106

Gille, S., Sharma, V., Baidoo, E. E. K., Keasling, J. D., Scheller, H. V., and Pauly, M. (2013). Arabinosylation of a Yariv-precipitable cell wall polymer impacts plant growth as exemplified by the Arabidopsis glycosyltransferase mutant ray1. Mol. Plant 6, 1369–1372. doi: 10.1093/mp/sst029

Gillmor, C., Poindexter, P., Lorieau, J., Palcic, M., and Somerville, C. (2002). Alpha-glucosidase I is required for cellulose biosynthesis and morphogenesis in Arabidopsis. J. Cell Biol. 156, 1003–1013. doi: 10.1083/jcb.200111093

Gomord, V., Fitchette, A. C., Menu-Bouaouiche, L., Saint-Jore-Dupas, C., Plasson, C., Michaud, D., et al. (2010). Plant-specific glycosylation patterns in the context of therapeutic protein production. Plant Biotechnol. J. 8, 564–587. doi: 10.1111/j.1467-7652.2009.00497.x

Grammel, M., and Hang, H. C. (2013). Chemical reporters for biological discovery. Nat.Chem. Biol. 9, 475–484. doi: 10.1038/nchembio.1296

Guo, X., Hansen, B. Ø, Moeller, S. R., Harholt, J., Mravec, J., Willats, W., et al. (2019). Extensin arabinoside chain length is modulated in elongating cotton fibre. Cell Surf. 5:100033. doi: 10.1016/j.tcsw.2019.100033

Hall, Q., and Cannon, M. C. (2002). The cell wall hydroxyproline-rich glycoprotein RSH is essential for normal embryo development in Arabidopsis. Plant Cell 14, 1161–1172. doi: 10.1105/tpc.010477

Harmoko, R., Yoo, J. Y., Ko, K. S., Ramasamy, N. K., Hwang, B. Y., Lee, E. J., et al. (2016). N-glycan containing a core α1,3-fucose residue is required for basipetal auxin transport and gravitropic response in rice (Oryza sativa). New Phytol. 212, 108–122. doi: 10.1111/nph.14031

Herger, A., Dünser, K., Kleine-Vehn, J., and Ringli, C. (2019). Leucine-rich repeat extensin proteins and their role in cell wall sensing. Curr. Biol. 29, R851–R858. doi: 10.1016/j.cub.2019.07.039

Herger, A., Gupta, S., Kadler, G., Franck, C. M., Boisson-Dernier, A., and Ringli, C. (2020). Overlapping functions and protein-protein interactions of LRR-extensins in Arabidopsis. PLoS Genet. 16:e1008847. doi: 10.1371/journal.pgen.1008847

Hijazi, M., Velasquez, S. M., Jamet, E., Estevez, J. M., and Albenne, C. (2014). An update on post-translational modifications of hydroxyproline-rich glycoproteins: toward a model highlighting their contribution to plant cell wall architecture. Front. Plant Sci. 5:395. doi: 10.3389/fpls.2014.00395

Hong, Z., Jin, H., Tzfira, T., and Li, J. (2008). Multiple mechanism-mediated retention of a defective brassinosteroid receptor in the endoplasmic reticulum of Arabidopsis. Plant Cell 20, 3418–3429. doi: 10.1105/tpc.108.061879

Hong, Z., Kajiura, H., Su, W., Jin, H., Kimura, A., Fujiyama, K., et al. (2012). Evolutionarily conserved glycan signal to degrade aberrant brassinosteroid receptors in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 109, 11437–11442. doi: 10.1073/pnas.1119173109

Horsley, D., Coleman, J., Evans, D., Crooks, K., Peart, J., Satiat-Jeunemaître, B., et al. (1993). A monoclonal antibody, JIM 84, recognizes the Golgi apparatus and plasma membrane in plant. J. Exp. Bot. 44, 223–229.

Hsu, T. L., Hanson, S. R., Kishikawa, K., Wang, S. K., Sawa, M., and Wong, C. H. (2007). Alkynyl sugar analogs for the labeling and visualization of glycoconjugates in cells. Proc. Natl. Acad. Sci. U.S.A. 104, 2614–2619. doi: 10.1073/pnas.0611307104

Hüttner, S., Veit, C., Schoberer, J., Grass, J., and Strasser, R. (2012). Unraveling the function of Arabidopsis thaliana OS9 in the endoplasmic reticulum-associated degradation of glycoproteins. Plant Mol. Biol. 79, 21–33. doi: 10.1007/s11103-012-9891-4

Hüttner, S., Veit, C., Vavra, U., Schoberer, J., Liebminger, E., Maresch, D., et al. (2014). Arabidopsis class I α-mannosidases MNS4 and MNS5 are involved in endoplasmic reticulum-associated degradation of misfolded glycoproteins. Plant Cell 26, 1712–1728. doi: 10.1105/tpc.114.123216

Ichinose, H., Fujimoto, Z., Honda, M., Harazono, K., Nishimoto, Y., Uzura, A., et al. (2009). A beta-l-arabinopyranosidase from Streptomyces avermitilis is a novel member of glycoside hydrolase family 27. J. Biol. Chem. 284, 25097–25106. doi: 10.1074/jbc.M109.022723

Ichinose, H., Fujimoto, Z., and Kaneko, S. (2013). Characterization of an alpha-L-rhamnosidase from Streptomyces avermitilis. Biosci. Biotechnol. Biochem. 77, 213–216. doi: 10.1271/bbb.120735

Imaizumi, C., Tomatsu, H., Kitazawa, K., Yoshimi, Y., Shibano, S., Kikuchi, K., et al. (2017). Heterologous expression and characterization of an Arabidopsis beta-L-arabinopyranosidase and alpha-D-galactosidases acting on beta-L-arabinopyranosyl residues. J. Exp. Bot. 68, 4651–4661. doi: 10.1093/jxb/erx279

Ishimizu, T. (2015). “Plant N-glycans and their degrading enzymes,” in Glycoscience: Biology and Medicine, eds N. Taniguchi, T. Endo, G. Hart, P. Seeberger, and C. H. Wong (Tokyo: Springer), doi: 10.1007/978-4-431-54841-6_69

Ishimizu, T., Mitsukami, Y., Shinkawa, T., Natsuka, S., Hase, S., Miyagi, M., et al. (1999). Presence of asparagine-linked N-acetylglucosamine and chitobiose in Pyrus pyrifolia S-RNases associated with gametophytic self-incompatibility. Eur. J. Biochem. 263, 624–634. doi: 10.1046/j.1432-1327.1999.00499.x

Ito, Y., Nakanomyo, I., Motose, H., Iwamoto, K., Sawa, S., Dohmae, N., et al. (2006). Dodeca-CLE peptides as suppressors of plant stem cell differentiation. Science 313, 842–845. doi: 10.1126/science.1128436

Jiao, J., Mizukami, A. G., Sankaranarayanan, S., Yamguchi, J., Itami, K., and Higashiyawma, T. (2017). Structure-activity relation of AMOR sugar molecule that activates pollen-tubes for ovular guidance. Plant Physiol. 173, 354–363. doi: 10.1104/pp.16.01655

Jin, H., Yan, Z., Nam, K. H., and Li, J. (2007). Allele-specific suppression of a defective brassinosteroid receptor reveals a physiological role of UGGT in ER quality control. Mol. Cell 26, 821–830. doi: 10.1016/j.molcel.2007.05.015

Johnson, K. L., Cassin, A. M., Lonsdale, A., Bacic, A., Doblin, M. S., and Schultz, C. J. (2017). A motif and amino acid bias bioinformatics pipeline to identify hydroxyproline-rich glycoproteins. Plant Physiol. 174, 886–903. doi: 10.1104/pp.17.00294

Kang, J., Frank, J., Kang, C., Kajiura, H., Vikram, M., Ueda, A., et al. (2008). Salt tolerance of Arabidopsis thaliana requires maturation of N-glycosylated proteins in the Golgi apparatus. Proc. Natl. Acad. Sci. U.S.A. 105, 5933–5938. doi: 10.1073/pnas.0800237105

Katayama, T., Sakuma, A., Kimura, T., Makimura, Y., Hiratake, J., Sakata, K., et al. (2004). Molecular cloning and characterization of Bifidobacterium bifidum 1,2-alpha-L-fucosidase (AfcA), a novel inverting glycosidase (glycoside hydrolase family 95). J. Bacteriol. 186, 4885–4893. doi: 10.1128/JB.186.15.4885-4893.2004

Kato, S., Hayashi, M., Kitagawa, M., Kajiura, H., Maeda, M., Kimura, Y., et al. (2018). Degradation pathway of plant complex-type N-glycans: identification and characterization of a key α1,3-fucosidase from glycoside hydrolase family 29. Biochem. J. 475, 305–317. doi: 10.1042/BCJ20170106

Kieliszewski, M. J. (2001). The latest hype on Hyp-O-glycosylation codes. Phytochemistry 57, 319–323. doi: 10.1016/s0031-9422(01)00029-2

Kieliszewski, M. J., Lamport, D. T. A., Tan, L., and Cannon, M. C. (2011). Hydroxyproline-rich glycoproteins: form and function. Annu. Plant Rev. 41, 321–342. doi: 10.1002/9781119312994.apr0442

Kim, Y. C., Jahren, N., Stone, M. D., Udeshi, N. D., Markowski, T. W., Witthuhn, B. A., et al. (2013). Identification and origin of N-linked β-D-N-acetylglucosamine monosaccharide modifications on Arabidopsis proteins. Plant Physiol. 161, 455–464. doi: 10.1104/pp.112.208900

Kinnaert, C., Daugaard, M., Nami, F., and Clausen, M. H. (2017). Chemical synthesis of oligosaccharides related to the cell walls of plants and algae. Chem. Rev. 117, 11337–11405. doi: 10.1021/acs.chemrev.7b00162

Kitazawa, K., Tryfona, T., Yoshimi, Y., Hayashi, Y., Kawauchi, S., Antonov, L., et al. (2013). β-galactosyl Yariv reagent binds to the β-1,3-galactan of arabinogalactan proteins. Plant Physiol. 161, 1117–1126. doi: 10.1104/pp.112.211722

Knoch, E., Dilokpimol, A., and Geshi, N. (2014). Arabinogalactan proteins: focus on carbohydrate active enzymes. Front. Plant Sci. 11:198. doi: 10.3389/fpls.2014.00198

Knoch, E., Dilokpimol, A., Tryfona, T., Poulsen, C. P., Xiong, G., Harholt, J., et al. (2013). A β-glucuronosyl transferase from Arabidopsis thaliana involved in biosynthesis of type II arabinogalactan has a role in cell elongation during seedling growth. Plant J. 76, 1016–1029. doi: 10.1111/tpj.12353

Knox, J. P., Day, S., and Roberts, K. (1989). A set of cell surface glycoproteins forms an early marker of cell position, bu not cell type, in the root apical meristem of Daucus carota L. Development 106, 47–56.

Knox, J. P., Linstead, P. J., Peart, J., Cooper, C., and Roberts, K. (1991). Developmentally regulated epitopes of cell surface arabinogalactan proteins and their relation to root tissue pattern formation. Plant J. 1, 317–326. doi: 10.1046/j.1365-313x.1991.t01-9-00999.x

Koiwa, H., Li, F., McCully, M. G., Mendoza, I., Koizumi, N., Manabe, Y., et al. (2003). The STT3a subunit isoform of the Arabidopsis oligosaccharyltransferase controls adaptive responses to salt/osmotic stress. Plant Cell 15, 2273–2284. doi: 10.1105/tpc.013862

Konishi, T., Kotake, T., Soraya, D., Matsuoka, K., Koyama, T., Kaneko, S., et al. (2008). Properties of family 79 beta-glucuronidases that hydrolyze beta-glucuronosyl and 4-O-methyl-beta-glucuronosyl residues of arabinogalactan-protein. Carbohydr. Res. 343, 1191–1201. doi: 10.1016/j.carres.2008.03.004

Koski, M. K., Hieta, R., B€ollner, C., Kivirikko, K. I, Myllyharju, J., and Wierenga, R. K. (2007). The active site of an algal prolyl 4-hydroxylase has a large structural plasticity. J. Biol. Chem. 282, 37112–37123. doi: 10.1074/jbc.m706554200

Koski, M. K., Hieta, R., Hirsil€a, M., R€onk€a, A., Myllyharju, J., and Wierenga, R. K. (2009). The crystal structure of an algal prolyl 4-hydroxylase complexed with a proline-rich peptide reveals a novel buried tripeptide binding motif. J. Biol. Chem. 284, 25290–25301. doi: 10.1074/jbc.m109.014050

Kotake, T., Dina, S., Konishi, T., Kaneko, S., Igarashi, K., Samejima, M., et al. (2005). Molecular cloning of a β-galactosidase from radish that specifically hydrolyzes β-(1→3)− and →-(1→6)-galactosyl residues of arabinogalactan protein. Plant Physiol. 138, 1563–1576. doi: 10.1104/pp.105.062562

Kotake, T., Hirata, N., Degi, Y., Ishiguro, M., Kitazawa, K., Takata, R., et al. (2011). Endo-beta-1,3-galactanase from winter mushroom Flammulina velutipes. J. Biol. Chem. 286, 27848–27854. doi: 10.1074/jbc.M111.251736

Kotake, T., Kaneko, S., Kubomoto, A., Haque, M. A., Kobayashi, H., and Tsumuraya, Y. (2004). Molecular cloning and expression in Escherichia coli of a Trichoderma viride endo-beta-(1–>6)-galactanase gene. Biochem. J. 377(Pt 3), 749–755. doi: 10.1042/BJ20031145

Kotake, T., Kitazawa, K., Takata, R., Okabe, K., Ichinose, H., Kaneko, S., et al. (2009). Molecular cloning and expression in Pichia pastoris of a Irpex lacteus exo-beta-(1–>3)-galactanase gene. Biosci. Biotechnol. Biochem. 73, 2303–2309. doi: 10.1271/bbb.90433

Kotake, T., Tsuchiya, K., Aohara, T., Konishi, T., Kaneko, S., Igarashi, K., et al. (2006). An alpha-L-arabinofuranosidase/beta-D-xylosidase from immature seeds of radish (Raphanus sativus L.). J. Exp. Bot. 57, 2353–2362. doi: 10.1093/jxb/erj206

Kriechbaum, R., Ziaee, E., Grünwald-Gruber, C., Buscaill, P., van der Hoorn, R. A. L., and Castilho, A. (2020). BGAL1 depletion boosts the level of β-galactosylation of N- and O-glycans in N. benthamiana. Plant Biotechnol. J. 18, 1537–1549. doi: 10.1111/pbi.13316 Epub 2020 Jan 11.

Lamport, D. T., Kieliszewski, M. J., Chen, Y., and Cannon, M. C. (2011). Role of the extensin superfamily in primary cell wall architecture. Plant Physiol. 156, 11–19. doi: 10.1104/pp.110.169011

Lao, J., Oikawa, A., Bromley, J. R., McInerney, P., Suttangkakul, A., Smith-Moritz, A. M., et al. (2014). The plant glycosyltransferase clone collection for functional genomics. Plant J. 79, 517–529. doi: 10.1111/tpj.12577

Laughlin, S. T., and Bertozzi, C. R. (2009). Imaging the glycome. Proc. Natl. Acad. Sci. U.S.A. 106, 12–17. doi: 10.1073/pnas.0811481106

Leiter, H., Mucha, J., Staudacher, E., Grimm, R., Glössl, J., and Altmann, F. (1999). Purification, cDNA cloning, and expression of GDP-L-Fuc:Asn-linked GlcNAc alpha1,3-fucosyltransferase from mung beans. J. Biol. Chem. 274, 21830–21839. doi: 10.1074/jbc.274.31.21830

Léonard, R., Strasser, R., and Altmann, F. (2009). Plant glycosidases acting on protein-linked oligosaccharides. Phytochemistry 70, 318–324. doi: 10.1016/j.phytochem.2009.01.006

Lerouge, P., Cabanes-Macheteau, M., Rayon, C., Fischette-Lainé, A. C., Gomord, V., and Faye, L. (1998). N-glycoprotein biosynthesis in plants: recent developments and future trends. Plant Mol. Biol. 38, 31–48. doi: 10.1007/978-94-011-5298-3_2

Lerouxel, O., Mouille, G., Andème-Onzighi, C., Bruyant, M. P., Séveno, M., Loutelier-Bourhis, C., et al. (2005). Mutants in DEFECTIVE GLYCOSYLATION, an Arabidopsis homolog of an oligosaccharyltransferase complex subunit, show protein underglycosylation and defects in cell differentiation and growth. Plant J. 42, 455–468. doi: 10.1111/j.1365-313X.2005.02392.x

Li, B., Mock, F., and Wu, P. (2012). Imaging the glycome in living systems. Methods Enzymol. 505, 401–419. doi: 10.1016/b978-0-12-388448-0.00029-2

Li, J., Zhao-Hui, C., Batoux, M., Nekrasov, V., Roux, M., Chinchilla, D., et al. (2009). Specific ER quality control components required for biogenesis of the plant innate immune receptor EFR. Proc. Natl. Acad. Sci. U.S.A. 106, 15973–15978. doi: 10.1073/pnas.0905532106

Liang, Y., Basu, D., Pattathil, S., Xu, W. L., Venetos, A., Martin, S. L., et al. (2013). Biochemical and physiological characterization of fut4 and fut6 mutants defective in arabinogalactan-protein fucosylation in Arabidopsis. J. Exp. Bot. 64, 5537–5551. doi: 10.1093/jxb/ert321

Liebminger, E., Grass, J., Altmann, F., Mach, L., and Strasser, R. (2013). Characterizing the link between glycosylation state and enzymatic activity of the endo-β1,4-glucanase KORRIGAN1 from Arabidopsis thaliana. J. Biol. Chem. 288, 22270–22280. doi: 10.1074/jbc.M113.475558

Liebminger, E., Hüttner, S., Vavra, U., Fischl, R., Schoberer, J., Grass, J., et al. (2009). Class I alpha-mannosidases are required for N-glycan processing and root development in Arabidopsis thaliana. Plant Cell 21, 3850–3867. doi: 10.1105/tpc.109.072363

Liebminger, E., Veit, C., Pabst, M., Batoux, M., Zipfel, C., Altmann, F., et al. (2011). Beta-N-acetylhexosaminidases HEXO1 and HEXO3 are responsible for the formation of paucimannosidic N-glycans in Arabidopsis thaliana. J. Biol. Chem. 286, 10793–10802. doi: 10.1074/jbc.m110.178020

Lin, X. (2004). Functions of heparan sulfate proteoglycans in cell signaling during development. Development 131, 6009–6021. doi: 10.1242/dev.01522

Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M., and Henrissat, B. (2014). The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 42, D490–D495. doi: 10.1093/nar/gkt1178

Lopez-Hernandez, F., Tryfona, T., Rizza, A., Yu, X. L., Harris, M. O. B., Webb, A. A. R., et al. (2020). Calcium binding by arabinogalactan polysaccharides is important for normal plant development. Plant Cell 32, 3346–3369. doi: 10.1105/tpc.20.00027

Lu, X., Tintor, N., Mentzel, T., Kombrink, E., Boller, T., Robatzek, S., et al. (2009). Uncoupling of sustained MAMP receptor signaling from early outputs in an Arabidopsis endoplasmic reticulum glucosidase II allele. Proc. Natl. Acad. Sci. U.S.A. 106, 22522–22527. doi: 10.1073/pnas.0907711106

Ma, Y., Zeng, W., Bacic, A., and Johnson, K. L. (2018). Arabinogalactan-proteins, looking back through time and place. Annu. Plant Rev. 3, 767–804.

Martens-Uzunova, E. S., Zandleven, J. S., Benen, J. A., Awad, H., Kools, H. J., Beldman, G., et al. (2006). A new group of exo-acting family 28 glycoside hydrolases of Aspergillus niger that are involved in pectin degradation. Biochem. J. 400, 43–52. doi: 10.1042/BJ20060703

Marzol, E., Borassi, C., Bringas, M., Sede, A., Rodríguez Garcia, D. R., Capece, L., et al. (2018). Filling the gaps to solve the extensin puzzle. Mol. Plant 11, 645–658. doi: 10.1016/j.molp.2018.03.003

Matsuzaki, Y., Ogawa-Ohnishi, M., Mori, A., and Matsubayashi, Y. (2010). Secreted peptide signals required for maintenance of root stem cell niche in Arabidopsis. Science 329, 1065–1067. doi: 10.1126/science.1191132

Mbua, N. E., Flanagan-steet, H., Johnson, S., Wolfert, M. A., Boons, G., and Steet, R. (2013). Abnormal accumulation and recycling of glycoproteins visualized in Niemann – Pick type C cells using the chemical reporter strategy. Proc. Natl. Acad. Sci. U.S.A. 110, 10207–10212. doi: 10.1073/pnas.1221105110

Mecchia, M. A., Santos-Fernandez, G., Duss, N. N., Somoza, S. C., Boisson-Dernier, A., Gagliardini, V., et al. (2017). RALF4/19 peptides interact with LRX proteins to control pollen tube growth in Arabidopsis. Science 358, 1600–1603. doi: 10.1126/science.aao5467

Miyata, T., Kashige, N., Satho, T., Yamaguchi, T., Aso, Y., and Miake, F. (2005). Cloning, sequence analysis, and expression of the gene encoding Sphingomonas paucimobilis FP2001 alpha-L -rhamnosidase. Curr. Microbiol. 51, 105–109. doi: 10.1007/s00284-005-4487-8

Mizukami, A. G., Inatsugi, R., Jiao, J., Kotake, T., Kuwata, K., Ootani, K., et al. (2016). The AMOR arabinogalactan sugar chain induces pollen-tube competency to respond to ovular guidance. Curr. Biol. 26, 1091–1097. doi: 10.1016/j.cub.2016.02.040

Møller, I., Marcus, S. E., Haeger, A., Verhertbruggen, Y., Verhoef, R., Schols, H., et al. (2008). High-throughput screening of monoclonal antibodies against plant cell wall glycans by hierarchical clustering of their carbohydrate microarray binding profiles. Glycoconj. J. 25, 37–48. doi: 10.1007/s10719-007-9059-7

Møller, S. R., Yi, X., Vela’ squez, S. M., Gille, S., Hansen, P. L., Poulsen, C. P., et al. (2017). Identification and evolution of a plant cell wall specific glycoprotein glycosyl transferase, ExAD. Sci. Rep. 7:45341.

Moreira, D., Pereira, A. M., Lopes, A. L., and Coimbra, S. (2020). The best CRISPR/Cas9 versus RNA interference approaches for arabinogalactan proteins’ study. Mol. Biol. Rep. 47, 2315–2325. doi: 10.1007/s11033-020-05258-0

Moussu, S., Broyart, C., Santos-Fernandez, G., Augustin, S., Wehrle, S., Grossniklaus, U., et al. (2020). Structural basis for recognition of RALF peptides by LRX proteins during pollen tube growth. Proc. Natl. Acad. Sci. U.S.A. 117, 7494–7503. doi: 10.1073/pnas.2000100117

Nagashima, Y., von Schaewen, A., and Koiwa, H. (2018). Function of N-glycosylation in plants. Plant Sci. 274, 70–79.

Nakamura, M., Yasukawa, Y., Furusawa, A., Fuchiwaki, T., Honda, T., Okamura, Y., et al. (2018). Functional characterization of unique enzymes in Xanthomonas euvesicatoria related to degradation of arabinofurano-oligosaccharides on hydroxyproline-rich glycoproteins. PLoS One 13:e0201982. doi: 10.1371/journal.pone.0201982

Nebenführ, A., Gallagher, L., Dunahay, T., Frohlick, J., Mazurkiewicz, A., Meehl, J., et al. (1999). Stop-and-go movements of plant Golgi stacks are mediated by the acto-myosin system. Plant Physiol. 121, 1127–1142. doi: 10.1104/pp.121.4.1127

Nibbering, P., Petersen, B. L., Motawia, M. S., Jorgensen, B., Ulvskov, P., and Niittyla, T. (2020). Golgi-localized exo-beta1,3-galactosidases involved in cell expansion and root growth in Arabidopsis. J. Biol. Chem. 295, 10581–10592. doi: 10.1074/jbc.RA120.013878

Norman, P. M., Wingate, V. P. M., Fitter, M. S., and Lamb, C. J. (1986). Monoclonal antibodies to plant plasma-membrane antigens. Planta 167, 452–459. doi: 10.1007/BF00391220

Nuñez, A., Fishman, M. L., Fortis, L. L., Cooke, P. H., and Hotchkiss, A. T. (2009). Identification of extensin protein associated with sugar beet pectin. J. Agric. Food Chem. 57, 10951–10958. doi: 10.1021/jf902162t

Ogawa-Ohnishi, M., and Matsubayashi, Y. (2015). Identification of three potent hydroxyproline O-galactosyltransferases in Arabidopsis. Plant J. 81, 736–746. doi: 10.1111/tpj.12764

Ogawa-Ohnishi, M., Matsushita, W., and Matsubayashi, Y. (2013). Identification of three hydroxyproline O-arabinosyltransferases in Arabidopsis thaliana. Nat. Chem. Biol. 9, 726–730. doi: 10.1038/nchembio.1351

Ohyama, K., Shinohara, H., Ogawa-Ohnishi, M., and Matsubayashi, Y. (2009). A glycopeptide regulating stem cell fate in Arabidopsis thaliana. Nat. Chem. Biol. 5, 578–580. doi: 10.1038/nchembio.182

Pattathil, S., Avci, U., Baldwin, D., Swennes, A. G., McGill, J. A., Popper, Z., et al. (2010). A comprehensive toolkit of plant cell wall glycan-directed monoclonal antibodies. Plant Physiol. 153, 514–525. doi: 10.1104/pp.109.151985

Paulsen, B. S., Craik, D. J., Dunstan, D. E., Stone, B. A., and Bacic, A. (2014). The Yariv reagent: behaviour in different solvents and interaction with a gum arabic arabinogalactan-protein. Carbohydr. Polym. 106, 460–468. doi: 10.1016/j.carbpol.2014.01.009

Pedersen, C. T., Loke, I., Lorentzen, A., Wolf, S., Kamble, M., Kristensen, S. K., et al. (2017). N-glycan maturation mutants in Lotus japonicus for basic and applied glycoprotein research. Plant J. 91, 394–407. doi: 10.1111/tpj.13570

Pedersen, H. L., Fangel, J. U., McCleary, B., Ruzanski, C., Rydahl, M. G., Ralet, M. C., et al. (2012). Versatile high resolution oligosaccharide microarrays for plant glycobiology and cell wall research. J. Biol. Chem. 287, 39429–39438. doi: 10.1074/jbc.M112.396598

Pennell, R. I., Janniche, L., Kjellbom, P., Scofield, G. N., Peart, J. M., and Roberts, K. (1991). Developmental regulation of a plasma membrane arabinogalactan protein epitope in oilseed rape flowers. Plant Cell 3, 1317–1326. doi: 10.1105/tpc.3.12.1317

Pennell, R. I., Knox, J. P., Scofield, G. N., Selvendran, R. R., and Roberts, K. (1989). A family of abundant plasma membrane-associated glycoproteins related to the arabinogalactan proteins is unique to flowering plants. J. Cell Biol. 108, 1967–1977. doi: 10.1083/jcb.108.5.1967

Pereira, A. M., Nobre, M. S., Pinto, S. C., Lopes, A. L., Costa, M. L., Masiero, S., et al. (2016). “Love is strong, and you’re so sweet”: JAGGER is essential for persistent synergid degeneration and polytubey block in Arabidopsis thaliana. Mol. Plant 9, 601–614. doi: 10.1016/j.molp.2016.01.002

Pfeifer, L., Shafee, T., Johnson, K. L., Bacic, A., and Classen, B. (2020). Arabinogalactan-proteins of Zostera marina L. contain unique glycan structures and provide insight into adaption processes to saline environments. Sci. Rep. 10:8232. doi: 10.1038/s41598-020-65135-5

Pfrengle, F. (2017). Synthetic plant glycans. Curr. Opin. Chem. Biol. 40, 145–151. doi: 10.1016/j.cbpa.2017.09.010

Pogorelko, G. V., Reem, N. T., Young, Z. T., Chambers, L., and Zabotina, O. A. (2016). Post-synthetic defucosylation of AGP by Aspergillus nidulans alpha-1,2-fucosidase expressed in Arabidopsis apoplast induces compensatory upregulation of alpha-1,2-fucosyltransferases. PLoS One 11:e0159757. doi: 10.1371/journal.pone.0159757

Prescher, J. A., and Bertozzi, C. R. (2005). Chemistry in living systems. Nat. Chem. Biol. 1, 13–21.

Qu, Y., Egelund, J., Gilson, P. R., Houghton, F., Gleeson, P. A., Schultz, C. J., et al. (2008). Identification of a novel group of putative Arabidopsis thaliana beta-(1,3)-galactosyltransferases. Plant Mol. Biol. 68, 43–59. doi: 10.1007/s11103-008-9351-3

Rademacher, T., Sack, M., Arcalis, E., Stadlmann, J., Balzer, S., Altmann, F., et al. (2008). Recombinant antibody 2G12 produced in maize endosperm efficiently neutralizes HIV-1 and contains predominantly single-GlcNAc N-glycans. Plant Biotechnol. J. 6, 189–201. doi: 10.1111/j.1467-7652.2007.00306.x

Rahman, M. Z., Fujishige, M., Maeda, M., and Kimura, Y. (2016). Rice α-fucosidase active against plant complex type N-glycans containing Lewis a epitope: purification and characterization. Biosci. Biotechnol. Biochem. 80, 291–294. doi: 10.1080/09168451.2015.1079479

Raju, T. S., and Davidson, E. A. (1994). Structural features of water-soluble novel polysaccharide components from the leaves of Tridax procumbens Linn. Carbohydr. Res. 258, 243–254. doi: 10.1016/0008-6215(94)84090-3

Ringli, C. (2010). The hydroxyproline-rich glycoprotein domain of the Arabidopsis LRX1 requires Tyr for function but not for insolubilization in the cell wall. Plant J. 63, 662–669. doi: 10.1111/j.1365-313x.2010.04270.x

Rips, S., Bentley, N., Jeong, I. S., Welch, J. L., von Schaewen, A., and Koiwa, H. (2014). Multiple N-glycans cooperate in the subcellular targeting and functioning of Arabidopsis KORRIGAN1. Plant Cell 26, 3792–3808. doi: 10.1105/tpc.114.129718

Ruprecht, C., Bartetzko, M. P., Senf, D., Dallabernadina, P., Boos, I., Andersen, M. C. F., et al. (2017). A synthetic glycan microarray enables epitope mapping of plant cell wall glycan-directed antibodies. Plant Physiol. 175, 1094–1104. doi: 10.1104/pp.17.00737

Ruprecht, C., Bartetzko, M. P., Senf, D., Lakhina, A., Smith, P. J., Soto, M. J., et al. (2020). A glycan array-based assay for the identification and characterization of plant glycosyltransferases. Angew. Chem. Int. Ed. Engl. 59, 12493–12498. doi: 10.1002/anie.202003105

Rydahl, M. G., Hansen, A. R., Kracun, S. K., and Mravec, J. (2018). Report on the current inventory of the toolbox for plant cell wall analysis: proteinaceous and small molecular probes. Front. Plant Sci. 9:581. doi: 10.3389/fpls.2018.00581

Saito, F., Suyama, A., Oka, T., Yoko-O, T., Matsuoka, K., Jigami, Y., et al. (2014). Identification of novel peptidyl serine O-galactosyltransferase gene family in plants. J. Biol. Chem. 30, 20405–20420. doi: 10.1074/jbc.m114.553933

Sede, A. R., Borassi, C., Wengier, D. L., Mecchia, M. A., Estevez, J. M., and Muschietti, J. P. (2018). Arabidopsis pollen extensins LRX are required for cell wall integrity during pollen tube growth. FEBS Lett. 592, 233–243. doi: 10.1002/1873-3468.12947

Seeberger, P. H. (2015). The logic of automated glycan assembly. Acc. Chem. Res. 48, 1450–1463. doi: 10.1021/ar5004362

Seifert, G. J. (2020). On the potential function of type II arabinogalactan O-glycosylation in regulating the fate of plant secretory proteins. Front. Plant Sci. 11:563735. doi: 10.3389/fpls.2020.563735

Seifert, G. J., and Roberts, K. (2007). The biology of arabinogalactan proteins. Annu. Rev. Plant Biol. 58, 137–161. doi: 10.1146/annurev.arplant.58.032806.103801

Shinohara, H., and Matsubayashi, Y. (2013). Chemical synthesis of Arabidopsis CLV3 glycopeptide reveals the impact of hydroxyproline arabinosylation on peptide conformation and activity. Plant Cell Physiol. 54, 369–374. doi: 10.1093/pcp/pcs174

Showalter, A. M., and Basu, D. (2016). Extensin and arabinogalactan-protein biosynthesis: glycosyltransferases, research challenges, and biosensors. Front. Plant Sci. 7:814. doi: 10.3389/fpls.2016.00814

Shpak, E., Barbar, E., Leykam, J. F., and Kieliszewski, M. J. (2001). Contiguous hydroxyproline residues direct hydroxyproline arabinosylation in Nicotiana tabacum. J. Biol. Chem. 276, 11272–11278. doi: 10.1074/jbc.M011323200

Shpak, E., Leykam, J. F., and Kieliszewski, M. J. (1999). Synthetic genes for glycoprotein design and the elucidation of hydroxyproline-O-glycosylation codes. Proc. Natl. Acad. Sci. U.S.A. 96, 14736–14741. doi: 10.1073/pnas.96.26.14736

Silva, J., Ferraz, R., Dupree, P., Showalter, A. M., and Coimbra, S. (2020). Three decades of advances in arabinogalactan-protein biosynthesis. Front. Plant Sci. 11:610377. doi: 10.3389/fpls.2020.610377

Smallwood, M., Yates, E. A., Willats, W. G. T., Martin, H., and Knox, J. P. (1996). Immunochemical comparison of membrane-associated and secreted arabinogalactan-proteins in rice and carrot. Planta 198, 452–459. doi: 10.1007/BF00620063

Somerville, C., Bauer, S., Brininstool, G., Facette, M., Hamann, T., Milne, J., et al. (2004). Toward a systems approach to understanding plant cell walls. Science 306, 2206–2211. doi: 10.1126/science.1102765

Strasser, R. (2014). Biological significance of complex N-glycans in plants and their impact on plant physiology. Front. Plant Sci. 5:363. doi: 10.3389/fpls.2014.00363

Strasser, R. (2016). Plant protein glycosylation. Glycobiology 26, 926–939. doi: 10.1093/glycob/cww023

Strasser, R., Altmann, F., Mach, L., Glössl, J., and Steinkellner, H. (2004). Generation of Arabidopsis thaliana plants with complex N-glycans lacking beta1,2-linked xylose and core alpha1,3-linked fucose. FEBS Lett. 561, 132–136. doi: 10.1016/s0014-5793(04)00150-4

Strasser, R., Bondili, J., Schoberer, J., Svoboda, B., Liebminger, E., Glössl, J., et al. (2007a). Enzymatic properties and subcellular localization of Arabidopsis beta-N-acetylhexosaminidases. Plant Physiol. 145, 5–16. doi: 10.1104/pp.107.101162

Strasser, R., Bondili, J. S., Vavra, U., Schoberer, J., Svoboda, B., Glössl, J., et al. (2007b). A unique beta1,3-galactosyltransferase is indispensable for the biosynthesis of N-glycans containing Lewis a structures in Arabidopsis thaliana. Plant Cell 19, 2278–2292. doi: 10.1105/tpc.107.052985

Strasser, R., Mucha, J., Mach, L., Altmann, F., Wilson, I., Glössl, J., et al. (2000). Molecular cloning and functional expression of beta1, 2-xylosyltransferase cDNA from Arabidopsis thaliana. FEBS Lett. 472, 105–108. doi: 10.1016/s0014-5793(00)01443-5

Strasser, R., Mucha, J., Schwihla, H., Altmann, F., Glössl, J., and Steinkellner, H. (1999a). Molecular cloning and characterization of cDNA coding for beta1,2N-acetylglucosaminyltransferase I (GlcNAc-TI) from Nicotiana tabacum. Glycobiology 9, 779–785. doi: 10.1093/glycob/9.8.779

Strasser, R., Schoberer, J., Jin, C., Glössl, J., Mach, L., and Steinkellner, H. (2006). Molecular cloning and characterization of Arabidopsis thaliana Golgi alpha-mannosidase II, a key enzyme in the formation of complex N-glycans in plants. Plant J. 45, 789–803.

Strasser, R., Steinkellner, H., Borén, M., Altmann, F., Mach, L., Glössl, J., et al. (1999b). Molecular cloning of cDNA encoding N-acetylglucosaminyltransferase II from Arabidopsis thaliana. Glycoconj. J. 16, 787–791.

Sturm, A. (1995). N-glycosylation of plant proteins. New Compr. Biochem. 29(Pt A), 521–542. doi: 10.1016/s0167-7306(08)60603-1

Suzuki, T., Narciso, J. O., Zeng, W., van de Meene, A., Yasutomi, M., Takemura, S., et al. (2017). KNS4/UPEX1: a type II arabinogalactan β-(1,3)-galactosyltransferase required for pollen exine development. Plant Physiol. 173, 183–205. doi: 10.1104/pp.16.01385

Takata, R., Tokita, K., Mori, S., Shimoda, R., Harada, N., Ichinose, H., et al. (2010). Degradation of carbohydrate moieties of arabinogalactan-proteins by glycoside hydrolases from Neurospora crassa. Carbohydr. Res. 345, 2516–2522. doi: 10.1016/j.carres.2010.09.006

Tan, L., Eberhard, S., Pattathil, S., Warder, C., Glushka, J., Yuan, C., et al. (2013). An Arabidopsis cell wall proteoglycan consists of pectin and arabinoxylan covalently linked to an arabinogalactan protein. Plant Cell 25, 270–287. doi: 10.1105/tpc.112.107334

Tan, L., Qiu, F., Lamport, D. T., and Kieliszewski, M. J. (2004). Structure of a hydroxyproline (Hyp)-arabinogalactan polysaccharide from repetitive Ala-Hyp expressed in transgenic Nicotiana tabacum. J. Biol. Chem. 279, 13156–13165. doi: 10.1074/jbc.m311864200

Tan, L., Showalter, A. M., Egelund, J., Hernandez-Sanchez, A., Doblin, M. S., and Bacic, A. (2012). Arabinogalactan-proteins and the research challenges for these enigmatic plant cell surface proteoglycans. Front. Plant Sci. 3:140. doi: 10.3389/fpls.2012.00140

Tan, L., Varnai, P., Lamport, D. T., Yuan, C., Xu, J., Qiu, F., et al. (2010). Plant O-hydroxyproline arabinogalactans are composed of repeating trigalactosyl subunits with short bifurcated side chains. J. Biol. Chem. 285, 24575–24583. doi: 10.1074/jbc.m109.100149

Tarentino, A. L., Plummer, T. H. Jr., and Maley, F. (1974). The release of intact oligosaccharides from specific glycoproteins by endo-beta-N-acetylglucosaminidase H. J. Biol. Chem. 249, 818–824. doi: 10.1016/s0021-9258(19)43002-0

Temple, H., Mortimer, J. C., Tryfona, T., Yu, X., Lopez-Hernandez, F., Sorieul, M., et al. (2019). Two members of the DUF579 family are responsible for arabinogalactan methylation in Arabidopsis. Plant Direct 3:e00117. doi: 10.1002/pld3.117

Tretter, V., Altmann, F., and März, L. (1991). Peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase F cannot release glycans with fucose attached alpha 1-3 to the asparagine-linked N-acetylglucosamine residue. Eur. J. Biochem. 199, 647–652. doi: 10.1111/j.1432-1033.1991.tb16166.x

Tryfona, T., Liang, H. C., Kotake, T., Kaneko, S., Marsh, J., Ichinose, H., et al. (2010). Carbohydrate structural analysis of wheat flour arabinogalactan protein. Carbohydr. Res. 345, 2648–2656. doi: 10.1016/j.carres.2010.09.018

Tryfona, T., Liang, H. C., Kotake, T., Tsumuraya, Y., Stephens, E., and Dupree, P. (2012). Structural characterization of Arabidopsis leaf arabinogalactan polysaccharides. Plant Physiol. 160, 653–666. doi: 10.1104/pp.112.202309

Tryfona, T., Theys, T. E., Wagner, T., Stott, K., Keegstra, K., and Dupree, P. (2014). Characterisation of FUT4 and FUT6 a-(1→2)-fucosyltransferases reveals that absence of root arabinogalactan fucosylation increases Arabidopsis root growth salt sensitivity. PLoS One 9:e93291. doi: 10.1371/journal.pone.0093291

Tsumuraya, Y., Mochizuki, N., Hashimoto, Y., and Kovac, P. (1990). Purification of an exo-beta-(1-→3)-D-galactanase of Irpex lacteus (Polyporus tulipiferae) and its action on arabinogalactan-proteins. J. Biol. Chem. 265, 7207–7215. doi: 10.1016/s0021-9258(19)39100-8

Ulvskov, P., Paiva, D. S., Domozych, D., and Harholt, J. (2013). Classification, naming and evolutionary history of glycosyltransferases from sequenced green and red algal genomes. PLoS One 8:e76511. doi: 10.1371/journal.pone.0076511

Valentin, R., Cerclier, C., Geneix, N., Aguié-Béhin, V., Gaillard, C., Ralet, M. C., et al. (2010). Elaboration of extensin-pectin thin film model of primary plant cell wall. Langmuir 26, 9891–9898. doi: 10.1021/la100265d

Velasquez, S. M., Marzol, E., Borassi, C., Pol-Fachin, L., Ricardi, M. M., Mangano, S., et al. (2015a). Low sugar is not always good: impact of specific O-glycan defects on tip growth in Arabidopsis. Plant Physiol. 168, 808–813. doi: 10.1104/pp.114.255521

Velasquez, S. M., Ricardi, M. M., Dorosz, J. G., Fernandez, P. V., Nadra, A. D., Pol-Fachin, L., et al. (2011). O-glycosylated cell wall extensins are essential in root hair growth. Science 332, 1401–1403. doi: 10.1126/science.1206657

Velasquez, S. M., Ricardi, M. M., Poulsen, C. P., Oikawa, A., Dilokpimol, A., Halim, A., et al. (2015b). Complex regulation of prolyl-4-hydroxylases impacts root hair expansion. Mol. Plant 8, 734–746. doi: 10.1016/j.molp.2014.11.017

von Schaewen, A., Sturm, A., O’Neill, J., and Chrispeels, M. J. (1993). Isolation of a mutant Arabidopsis plant that lacks N-acetyl glucosaminyl transferase I and is unable to synthesize Golgi-modified complex N-linked glycans. Plant Physiol. 102, 1109–1118. doi: 10.1104/pp.102.4.1109

Wang, X. X., Wang, K., Liu, X. Y., Liu, M., Cao, N., Duan, Y., et al. (2017). Pollen-expressed leucin-rich repeat extensins are essential for pollen germination and growth. Plant Physiol. 176, 1993–2006. doi: 10.1104/pp.17.01241

Wilson, I. B., Harthill, J. E., Mullin, N. P., Ashford, D. A., and Altmann, F. (1998). Core alpha1,3-fucose is a key part of the epitope recognized by antibodies reacting against plant N-linked oligosaccharides and is present in a wide variety of plant extracts. Glycobiology 8, 651–661. doi: 10.1093/glycob/8.7.651

Wilson, I. B., Zeleny, R., Kolarich, D., Staudacher, E., Stroop, C. J., Kamerling, J. P., et al. (2001). Analysis of Asn-linked glycans from vegetable foodstuffs: widespread occurrence of Lewis a, core alpha1,3-linked fucose and xylose substitutions. Glycobiology 11, 261–274. doi: 10.1093/glycob/11.4.261

Wong-Madden, S. T., and Landry, D. (1995). Purification and characterization of novel glycosidases from the bacterial genus Xanthomonas. Glycobiology 5, 19–28. doi: 10.1093/glycob/5.1.19

Wu, X., Delbianco, M., Anggara, K., Michnowicz, T., Pardo-Vargas, A., Bharate, P., et al. (2020). Imaging single glycans. Nature 582, 375–378.

Wu, Y., Williams, M., Bernard, S., Driouich, A., Showalter, A. M., and Faik, A. (2010). Functional identification of two nonredundant Arabidopsis alpha(1,2)fucosyltransferases specific to arabinogalactan proteins. J. Biol. Chem. 285, 13638–13645. doi: 10.1074/jbc.M110.102715

Xu, S. L., Medzihradszky, K. F., Wang, Z. Y., Burlingame, A. L., and Chalkley, R. J. (2016). N-glycopeptide profiling in Arabidopsis inflorescence. Mol. Cell. Proteomics 15, 2048–2054. doi: 10.1074/mcp.M115.056101

Xue, H., Veit, C., Abas, L., Tryfona, T., Maresch, D., Ricardi, M. M., et al. (2017). Arabidopsis thaliana FLA4 functions as a glycan-stabilized soluble factor via its carboxy-proximal fasciclin 1 domain. Plant J. 91, 613–630. doi: 10.1111/tpj.13591

Yariv, J., Lis, H., and Katchalski, E. (1967). Precipitation of arabic acid and some seed polysaccharides by glycosylphenylazo dyes. Biochem. J. 105, 1C–2C. doi: 10.1042/bj1050001c

Yates, E. A., Valdor, J. F., Haslam, S. M., Morris, H. R., Dell, A., Mackie, W., et al. (1996). Characterization of carbohydrate structural features recognized by anti-arabinogalactan-protein monoclonal antibodies. Glycobiology 6, 131–139. doi: 10.1093/glycob/6.2.131

Zeleny, R., Leonard, R., Dorfner, G., Dalik, T., Kolarich, D., and Altmann, F. (2006). Molecular cloning and characterization of a plant alpha1,3/4-fucosidase based on sequence tags from almond fucosidase I. Phytochemistry 67, 641–648. doi: 10.1016/j.phytochem.2006.01.021

Zeng, W., Ford, K. L., Bacic, A., and Heazlewood, J. L. (2018). N-linked glycan micro-heterogeneity in glycoproteins of Arabidopsis. Mol. Cell. Proteomics 17, 413–421. doi: 10.1074/mcp.RA117.000165

Zhang, Y., Held, M. A., and Showalter, A. M. (2020). Elucidating the roles of three beta-glucuronosyltransferases (GLCATs) acting on arabinogalactan-proteins using a CRISPR-Cas9 multiplexing approach in Arabidopsis. BMC Plant Biol. 20:221. doi: 10.1186/s12870-020-02420-5

Zhao, C., Jiang, W., Zayed, O., Liu, X., Tang, K., Nie, W., et al. (2020). The LRXs-RALFs-FER module controls plant growth and salt stress responses by modulating multiple plant hormones. Natl. Sci. Rev. 8:nwaa149. doi: 10.1093/nsr/nwaa149

Zhao, C., Zayed, O., Yu, Z., Jiang, W., Zhu, P., Hsu, C. C., et al. (2018). Leucine-rich repeat extensin proteins regulate plant salt tolerance in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 115, 13123–13128. doi: 10.1073/pnas.1816991115

Zhu, Y., and Chen, X. (2017). Expanding the scope of metabolic glycan labeling in Arabidopsis thaliana. Chembiochem 18, 1286–1296. doi: 10.1002/cbic.201700069

Zhu, Y., Wu, J., and Chen, X. (2016). Metabolic labeling and imaging of N-linked glycans in Arabidopsis thaliana. Angew. Chem. Int. Ed. Engl. 55, 9301–9305. doi: 10.1002/anie.201603032

Zielinska, D. F., Gnad, F., Schropp, K., Wiśniewski, J. R., and Mann, M. (2012). Mapping N-glycosylation sites across seven evolutionarily distant species reveals a divergent substrate proteome despite a common core machinery. Mol. Cell 46, 542–548. doi: 10.1016/j.molcel.2012.04.031


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Strasser, Seifert, Doblin, Johnson, Ruprecht, Pfrengle, Bacic and Estevez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
SYSTEMATIC REVIEW
 published: 19 February 2021
 doi: 10.3389/fpls.2021.625307






[image: image2]

Polysaccharide Biosynthesis: Glycosyltransferases and Their Complexes

Olga A. Zabotina*, Ning Zhang and Richard Weerts


Roy J. Carver Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, IA, United States

Edited by:
 Georg J. Seifert, University of Natural Resources and Life Sciences, Austria

Reviewed by:
 Jennifer Schoberer, University of Natural Resources and Life Sciences, Austria
 Henrik Scheller, Lawrence Berkeley National Laboratory, United States

*Correspondence: Olga A. Zabotina, zabotina@iastate.edu 

Specialty section: This article was submitted to Plant Proteomics and Protein Structural Biology, a section of the journal Frontiers in Plant Science

Received: 02 November 2020
 Accepted: 14 January 2021
 Published: 19 February 2021

Citation: Zabotina OA, Zhang N and Weerts R (2021) Polysaccharide Biosynthesis: Glycosyltransferases and Their Complexes. Front. Plant Sci. 12:625307. doi: 10.3389/fpls.2021.625307
 

Glycosyltransferases (GTs) are enzymes that catalyze reactions attaching an activated sugar to an acceptor substrate, which may be a polysaccharide, peptide, lipid, or small molecule. In the past decade, notable progress has been made in revealing and cloning genes encoding polysaccharide-synthesizing GTs. However, the vast majority of GTs remain structurally and functionally uncharacterized. The mechanism by which they are organized in the Golgi membrane, where they synthesize complex, highly branched polysaccharide structures with high efficiency and fidelity, is also mostly unknown. This review will focus on current knowledge about plant polysaccharide-synthesizing GTs, specifically focusing on protein-protein interactions and the formation of multiprotein complexes.
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PLANT POLYSACCHARIDES AND THEIR IMPORTANCE

Plant polysaccharides that constitute plant cell wall extracellular structures in the form of lignocellulosic biomass are considered to be a source of renewable energy. Polysaccharides organized in highly cross-linked networks of cell walls contribute significantly to numerous physiologically important processes such as growth (Gu and Nielsen, 2013; Xiao et al., 2016; Rui et al., 2017; Sampathkumar et al., 2019), stress protection (De Lorenzo et al., 2019; Vaahtera et al., 2019), and signal transduction (Wolf et al., 2012; Wolf, 2017; Novakovic et al., 2018).

The plant cell wall is a heterogeneous, highly diverse, and dynamic network predominantly made of different polysaccharides, a unique feature of plant cells. These polysaccharides are usually divided into three major groups: cellulose, hemicellulose, and pectin. While cellulose is a linear homopolymer composed of glucoses, hemicelluloses and pectic polysaccharides are highly branched heteropolysaccharides constructed from 15 different glycosides. The evolution of plants depended on the diversity that evolved in cell walls (Popper, 2008). Consequently, plants developed highly sophisticated and dynamic synthetic machinery to modify cell walls as needed for survival.

In the past decade, substantial advancement has been made in the understanding of cell wall polysaccharide biosynthesis, particularly, in discovering and characterizing the many genes involved in this complex process. Glycosyltransferases (GTs), the enzymes involved in the synthesis of glycans or glycosylation, are distributed among 105 gene families annotated in the CAZy database (Cantarel et al., 2009). With respect to the challenges of revealing the genes involved in the glycosylation and synthesis of complex polysaccharides, numerous studies using molecular biology, reverse genetics, and genomics have greatly advanced the understanding of the complexity of plant cell wall formation and, most notably, polysaccharide synthesis. A significant number of recent reviews and research papers describe the advances in our understanding of plant polysaccharide biosynthesis, primarily via genetic and reverse-genetic studies (Hao and Mohnen, 2014; Rennie and Scheller, 2014; Ebert et al., 2015; Loqué et al., 2015; Pauly and Keegstra, 2016; Amos and Mohnen, 2019; Meents et al., 2019). However, the progress in biochemical characterization of the proteins as actual players of biosynthetic processes is much slower and still lags behind more successful genetic studies. In part, the low solubility of GTs as membrane proteins and the frequent lack of suitable enzymatic assays significantly limit the progress in their functional characterization. In nature, the small stereochemical differences between sugar moieties and the diverse ways these sugars can be linked to each other create the wide diversity of oligo- and polysaccharide structures present in different types of plant cell walls. Such diversity requires a broad spectrum of suitable substrates for enzymatic assays to confirm the functionality of GTs involved in each biosynthetic process and also complicates the characterization of possible products. Despite such limitations, the structural characterization of plant GTs and their mechanisms of catalysis has become a subject of intensive research due to their essential function in plant cell wall biosynthesis and broad potential applications.

Another fundamental problem which limits our understanding of polysaccharide biosynthesis is the lack of knowledge about how GTs are organized and distributed in cell compartments. The synthesis of branched heterogeneous polysaccharides often requires the action of multiple, highly specific GTs which transfer various donor sugar substrates to oligosaccharide acceptors. It is well established that the Golgi is the organelle where most glycosylation processes take place and where the majority of GTs involved in protein and lipid post-synthetic glycosylation and complex polysaccharide synthesis are localized (Schoberer and Strasser, 2011; Sogaard et al., 2012; Ebert et al., 2015; Strasser, 2016). Another site of polysaccharide synthesis is the plasma membrane, where cellulose synthesis takes place (McFarlane et al., 2014; Kumar and Turner, 2015; Kumar et al., 2018; Turner and Kumar, 2018; Zhu et al., 2018). From the examples available to date of GTs involved in protein N-glycosylation, it has been concluded that they are organized in protein complexes and distributed across various Golgi cisternae performing specific sequential steps of glycosylation (Schoberer and Strasser, 2011; Schoberer et al., 2013; Kellokumpu et al., 2016; Strasser, 2016). Much less is known about the organization and distribution of GTs involved in polysaccharide biosynthesis.



GLYCOSYLTRANSFERASES, THEIR MECHANISMS, STRUCTURAL ORGANIZATION, AND SPECIFICITY

Solved structures for several GTs from various organisms, most of which are involved in the glycosylation of peptides, DNA, or small lipophilic molecules, have shown that most GTs have two types of catalytic domain folds, GT-A and GT-B (Lairson et al., 2008). Another type, GT-C, was also observed and proposed to be typical for GTs with multiple transmembrane helices (8–13), with specificity to lipid phosphate-activated donor sugar substrates (Lairson et al., 2008). Proteins with GT-A folding contain two tightly associated β/α/β Rossmann-like folds, forming a continuous β-sheet. Proteins with GT-B folding also have two β/α/β Rossmann-like folds. They are not tightly intertwined but instead face each other with the active site localized in between them. GT-A proteins are metal dependent, which is coordinated by the well-documented DxD motif (Wiggins and Munro, 1998), while a significant number of GT-B proteins that have so far been characterized are metal independent. In addition to these two structural folds, GTs are further divided into two distinguished groups based on whether they catalyze the formation of new covalent bonds with inverted or retained stereochemistry with respect to the donor substrate. The donor substrates are typically activated sugars such as UDP- or GDP-bound nucleotide sugars or, less frequently, phosphorylated sugars (Lairson et al., 2008). In the most common nucleotide sugars used as donor substrates, the sugar is linked to the nucleotide via an alpha bond. When a GT catalyzes the formation of the glycosidic linkage, attaching the sugar to the acceptor molecule via alpha bond, the stereochemistry is retained. When the sugar is attached via a beta bond, the stereochemistry is inverted. It has been demonstrated and is well accepted that the catalytic mechanism of inverting GTs is a direct displacement SN2-like reaction. In this reaction, an active site residue acts as a general base to deprotonate the acceptor, which performs a nucleophilic attack on the donor anomeric carbon (Lairson et al., 2008). On the other hand, the mechanism of retaining GTs has yet to be clarified. Currently, two preferred mechanisms have been proposed: a double displacement or a front-side single displacement mechanism (Gomez et al., 2012; Schuman et al., 2013; Albesa-Jove et al., 2015). Plant cell wall biosynthetic enzymes with both mechanisms of reaction have been found in all three structural classifications mentioned above.

In plants, two types of GTs are involved in polysaccharide biosynthesis (Figure 1). The first are those that have a single transmembrane domain (TMD) anchoring the catalytic domain of GTs to the membrane. The other type of GT has multiple TMDs. Usually, six to eight helices span the membrane multiple times, forming an open channel across the membrane. Cellulose synthase (Ces) and Cellulose synthase-like (CSL) are integral membrane proteins and belong to CAZy family GT2 (Cantarel et al., 2009). They have multiple TMDs spanning the Golgi membrane (or plasma membrane, in the case of Ces) multiple times and a large soluble catalytic domain localized outside the membrane. It has been demonstrated that CSL proteins are involved in synthesizing linear polysaccharides, such as the glucan backbone in xyloglucan (Cocuron et al., 2007), mixed glucans in monocots (Doblin et al., 2009), and glucomannans and mannans (Liepman et al., 2007). These proteins likely act via a mechanism similar to that of cellulose synthases CesA (Morgan et al., 2013; Slabaugh et al., 2014; McNamara et al., 2015; Purushotham et al., 2020), where the substrates are taken from the cytosol and the synthesized polysaccharide are translocated through the membrane into the Golgi lumen. However, mannan synthase CSLA9 was reported to have its active site on the luminal side of the Golgi membrane (Davis et al., 2010), suggesting the existence of different modes of action among these proteins.
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FIGURE 1. Schematic structural organization of two types of plant glycosyltransferases involved in polysaccharide biosynthesis in plant Golgi. (A) The structural organization of typical glycosyltransferase (GT) as a type II membrane protein with the large soluble catalytic domain attached via the flexible, most likely, unfolded stem region to TMD and the short N-terminus extruded out the membrane. These GTs have a single hydrophobic helix as their TMD. The actual crystal structure of XXT1 (Culbertson et al., 2018) is used here to show the catalytic domain localized in the Golgi lumen. (B) The structural organization of the cellulose synthase-like (CSL) proteins as the integral membrane proteins with multiple TMDs and the soluble catalytic domain that could localize either in the cytoplasm or in the Golgi lumen. Depending on the number of TMD helices spanning the membrane, the C- and N-termini of CSLs can localize on the same or opposite sides of the Golgi membrane (Davis et al., 2010).


However, two groups recently discovered that some members of the CSLG superfamily catalyze the transfer of a glucuronic moiety from UDP-GlcA onto triterpenoid aglycones, glycosylating saponins during their biosynthetic pathway (Chung et al., 2020; Jozwiak et al., 2020). It is interesting that spinach CSLG transiently expressed in Nicotiana benthamiana leaves was localized in the ER, not in the Golgi. The template-based modeling showed the presence of six TMDs and predicted three channels that could form the path for triterpenoid acceptors into the active site of the enzyme, with an additional channel for the product exit (Jozwiak et al., 2020). However, it is unclear whether CSLG translocates the product from one side of the ER membrane to the other, as was shown for the CesA enzymes. These unexpected findings demonstrate the ability of the CSL proteins to evolve new substrate specificities with a limited number of amino acid substitutions in the active site and open the door to similar discoveries.

Other GTs involved in cell wall polysaccharide biosynthesis are type II membrane proteins and reside in the Golgi (Driouich et al., 2012; Sogaard et al., 2012; Parsons et al., 2019). These GTs possess a short N-terminus extruding to the cytosolic side of the Golgi membrane, a single helical TMD, a flexible unfolded stem region, and a soluble catalytic domain localized in the Golgi lumen (Oikawa et al., 2013), though the presence of GTs without the predicted TMD has also been reported (Kong et al., 2011). To date, only two plant GTs involved in cell wall biosynthesis have been structurally characterized (Rocha et al., 2016; Urbanowicz et al., 2017; Culbertson et al., 2018). The lack of structural data for most plant GTs is a significant gap in our current knowledge about polysaccharide biosynthesis. In addition, the lack of knowledge about protein-protein interactions and the involvement of TMDs in these interactions impact our understanding of the mechanisms of polysaccharide biosynthesis and impair advances in fully understanding plant cell wall formation and its regulation.



CELLULOSE SYNTHASES FORM COMPLEXES LOCALIZED IN THE PLASMA MEMBRANE

Cellulose biosynthesis in the plant plasma membrane is the most well-understood process of plant polysaccharide biosynthesis. Using electron microscopy, structures responsible for cellulose synthesis have been identified in many organisms (Brown, 1996; Kimura et al., 1999). Hexagonal structures with sixfold symmetry, called rosettes, were detected in many lower and higher plants (Brown, 1996; Delmer et al., 2001). It was also revealed that rosettes are first assembled in the Golgi and then transported to the plasma membrane (Haigler and Brown, 1986). Later, numerous genetic and biochemical studies demonstrated that the subfamily of CesA genes is responsible for cellulose biosynthesis, and there are two distinguished groups of CesA involved in the synthesis of primary and secondary cell wall cellulose (Doblin et al., 2002; Persson et al., 2007; Kumar and Turner, 2015; Kumar et al., 2018; Turner and Kumar, 2018). CesA synthesizes a single glucan chain and translocates it through a channel formed by its TMD (Bi et al., 2015; Purushotham et al., 2020). Most plants express several CesA isoforms required for the synthesis of cellulose during primary and secondary cell wall formation (McFarlane et al., 2014). Although in vitro studies demonstrated that the singular CesA8 from poplar (Purushotham et al., 2016) was able to synthesize cellulose fibers which resembled plant cellulose microfibrils (CMF), the formation of cellulose synthase complexes (CSC) is likely required to synthesize crystalline CMF in planta (Purushotham et al., 2020). Plant CesAs have three specific domains that mediate their oligomerization: (1) the extended cytosolic N-termini with a RING-like domain close to the N-terminus, (2) the plant conserved region (PCR) localized in catalytic CesA domain close to the membrane side, and (3) the class-specific region which follows an evolutionarily conserved substrate-binding motif near the active site (Vergara and Carpita, 2001; Somerville, 2006; Slabaugh et al., 2014).

The understanding of the compositional and stoichiometric organization of CSC evolved through vast detailed analyses of these rosettes in multiple plant species using diverse approaches (Delmer et al., 2001; Doblin et al., 2002; Persson et al., 2007; Li et al., 2013; Sampathkumar et al., 2013; McFarlane et al., 2014; Watanabe et al., 2015). The understanding is that, in the plasma membrane, CesAs are assembled in sixfold symmetric CSCs which can consist of hexamers of either trimers, tetramers, or hexamers, thus composing rosettes with 18, 24, or 36 CesAs (Jarvis, 2013; Nixon et al., 2016). However, recent studies do not support the notion of 36 CesA present in a single complex or the formation of microfibrils composed of 36 cellulose chains. Thus, recent structural analysis of CesA1 catalytic domains has suggested that CesA can form trimeric structures, (Vandavasi et al., 2016) not homodimers as was previously believed (Olek et al., 2014). More solid evidence of such active homotrimeric CesA complexes in plants was produced recently by Zimmer’s group using recombinant full poplar CesA8 isoforms and cryo-electron microscopy (Purushotham et al., 2020). This groundbreaking work revealed that the CesA8 homotrimeric complex is stabilized by cytosolic PCRs and a helical exchange within the transmembrane-localized segments. The complex forms three channels occupied by nascent cellulose polymers, where a secretion mechanism steers the glucan chains toward a common exit point, likely facilitating the formation of a protofibril. The protein N-terminal domains are assembled into a cytosolic stalk that, in turn, interacts with a microtubule-tethering protein cellulose synthase interactive (Zhu et al., 2018), and this interaction most likely controls CesA localization (Purushotham et al., 2020). These data corroborate the earlier proposed CSC rosette organization (Nixon et al., 2016; Vandavasi et al., 2016) and the notion that each CSC produces CMFs composed of 18 chains, which was also suggested by modeling studies (Nixon et al., 2016; Kubicki et al., 2018).



GOLGI LOCALIZED GLYCOSYLTRANSFERASES ARE ORGANIZED IN MULTIPROTEIN COMPLEXES

Although plant Golgi stacks are unique in their ability to synthesize and secrete massive amounts of complex polysaccharides to the cell wall, there nonetheless appears to be a broad conservation of mechanisms for protein transport and Golgi organization across various species. Thus, knowledge available regarding protein glycosylation in eukaryotic cells and, specifically, about the steady-state distribution of GTs involved in this process provides insight into the fundamental nature of the glycosylation process in the plant Golgi apparatus (de Graffenried and Bertozzi, 2004; Kellokumpu et al., 2016), and the polysaccharide-synthesizing GTs’ distribution within the Golgi may potentially follow suit. All of the plant Golgi-localized glycan-processing GTs, including GTs involved in polysaccharide synthesis, are type II membrane proteins, with a short cytosolic N-terminus and a TMD linked to their catalytic domain via a stem region. These features together are referred to as the CTS region, which seems to contain all information required for protein targeting to the Golgi and its sub-compartments (Saint-Jore-Dupas et al., 2004, 2006; Schoberer et al., 2009, 2013).

It has been confirmed that N-glycosylation of proteins in the Golgi is performed by multiprotein complexes (Hassinen et al., 2010; Kellokumpu et al., 2016; Khoder-Agha et al., 2019). In mammalian and plant cells, several types of Golgi-localized GTs and glycosidases, which are organized in heterooligomers, function sequentially in different Golgi sub-compartments. Such sequential distribution of GTs, where the enzymes functioning at the early steps of N-glycan processing localize in the cis- and medial-Golgi cisternae and the enzymes involved in the later steps localize in the trans-Golgi and the trans-Golgi network, likely promotes the reproducibility of the branched glycan structures synthesized within the Golgi (Hassinen et al., 2010; Schoberer and Strasser, 2011; Kellokumpu et al., 2016; Strasser, 2016). In Arabidopsis, several N-glycan-processing enzymes also form homodimers and heterodimers (Schoberer et al., 2013). Thus, the processing enzymes Golgi α-mannosidase I (MNS1), N-acetylglucosaminyltransferase I (GnTI), Golgi α-mannosidase II (GMII), and xylosyltransferase (XylT), which are involved in early N-glycan processing steps, form homodimers and heterodimers in cis- and medial-Golgi cisternae. In the trans-Golgi, the enzymes GALT1 and FUT13 form heterodimers with GMII during the later steps of glycan processing. These results suggest that the modification of N-glycans may depend on the distinct spatial localization of multiprotein enzyme complexes involved in this process.

The similarity between polysaccharide synthesis and N-glycosylation also extends to the existence of homodimers and heterocomplexes of biosynthetic enzymes (Atmodjo et al., 2011; Chou et al., 2012, 2015; Oikawa et al., 2013; Lund et al., 2015; Jiang et al., 2016) that appear to be differentially distributed throughout the Golgi cisternae (Chevalier et al., 2010; Parsons et al., 2019). Distinctions between protein N-glycosylation and polysaccharide synthesis, however, indicate even more complex biosynthetic machinery for cell wall components than for N-glycosylation. First, these polysaccharides are long polymers with backbones made up of regular sequences of one or, at most, two different monosaccharides, which are then decorated with diverse side chains, whereas the glycans on glycoproteins have branched structures without a regularly patterned backbone. This requires that, in addition to the GTs that form branched structures, the plant Golgi must house additional GTs that carry out backbone synthesis. Specific CSLs have been shown to be involved in the synthesis of linear glycans, such as the glucan backbone in xyloglucan, mixed linkage glucans, and glucomannans (Liepman et al., 2007; Doblin et al., 2009; Davis et al., 2010). A second distinction of cell wall polysaccharide synthesis from protein N-glycosylation is the mechanism of substrate attachment. Proteins undergoing glycosylation are frequently anchored to the Golgi membrane and so might be localized nearby and be readily available for action by GTs, which are also integrated into the membrane. By contrast, membrane anchors have not yet been identified within polysaccharides, so hypothetically it is possible that polysaccharides undergoing elongation and modification are attached to the binding side of the enzymes involved in backbone synthesis for most of the process. A third unique feature of cell wall polysaccharide biosynthesis is that long linear polysaccharides typically are not soluble (Scheller and Ulvskov, 2010; Amos and Mohnen, 2019), so side chains attached to the backbone are necessary to prevent linear glycans from aggregating via hydrogen bonds and precipitating inside the Golgi lumen. Therefore, the GTs involved in adding side chains have to be proximate to the CSL enzymes that synthesize the polysaccharide backbone in order to ensure the solubility of the elongated polysaccharide. This requirement can be met if biosynthetic enzymes synthesizing the backbone and the modifying GTs are all organized together in space, potentially within multienzyme complexes.

Despite the importance of plant cell wall polysaccharides in various processes critical to plant development and survival, the functional organization of polysaccharide-synthesizing GTs in the Golgi remains largely unknown. It has been proposed earlier that GTs form multienzyme complexes, which seems critical to synthesize highly complex, frequently branched polysaccharide structures (Keegstra, 2010). The most recent studies of protein-protein interactions among various polysaccharide-synthesizing GTs confirmed the formation of homodimers and heterodimers localized in the Golgi membrane (Zeng et al., 2010; Atmodjo et al., 2011; Oikawa et al., 2013; Lao et al., 2014). These new findings suggest that protein-protein interactions could be a general principle of organization of GTs involved in polysaccharide synthesis in the Golgi (Oikawa et al., 2013). For example, GAUT1, a homogalacturonan synthesizing α-1,4-galacturonosyltransferase, has been reported to interact with GAUT7, although the enzymatic activity of the latter has not been demonstrated (Sterling et al., 2006; Atmodjo et al., 2011). The study of Atmodjo et al. (2011) demonstrated that matured GAUT1 lacks a TMD due to proteolytic processing and is anchored to the Golgi membrane through covalent bonding with GAUT7. Another most recent study of the GAUT proteins expressed in Arabidopsis pollen revealed that the GAUT5 and GAUT6 proteins also anchor GAUT1 to the Golgi apparatus, thus increasing the number of possible GAUT heterodimers involved in the synthesis of homogalacturonan (Lund et al., 2020). This latter study demonstrated that the lack of all three anchor proteins, GAUT5, GAUT6, and GAUT7, severely impacted pollen growth, most likely due to the failed delivery of GAUT1 to the Golgi to support homogalacturonan synthesis. Another example is the interaction of two arabinosyltransferases, ARAD1 (ARABINAN DEFICIENT 1) and ARAD2 (Harholt et al., 2006, 2012), involved in synthesis of the arabinan side chains in rhamnogalacturonan I, the pectin polysaccharides in Arabidopsis cell walls. The ARAD1 protein was shown to form homodimers and heterodimers with its homologous protein ARAD2 when both are heterologously co-expressed in N. benthamiana. The authors used bimolecular fluorescence complementation (BiFC) and Förster resonance energy transfer to confirm protein-protein interactions between these proteins (Harholt et al., 2012). Current research in wheat cell wall biosynthesis suggests that another multiprotein complex functions in the biosynthesis of glucuronoarbinoxylan (GAX; Zeng et al., 2008, 2010). Three proteins, TaGT43-4, TaGT47-13, and TaGT75-4, were demonstrated to be involved in GAX biosynthesis. Results from a co-immunoprecipitation assay performed using these proteins and antibodies against TaGT43-4 demonstrated that TaGT43-4 interacts with TaGT47-13 and TaGT75-4. The pulled-down protein complex was confirmed to be enzymatically active, synthesizing arabinosylated and glucuronidated xylan oligosaccharides with a regular pattern. A study by Dilokpimol et al. (2014) revealed that two Arabidopsis galactosyltransferases, AtGALT29A and AtGALT31A, involved in the synthesis of arabinogalactan in arabinogalactan proteins, form heterocomplexes localized in the Golgi. In in vitro assays, the activity, in regards to galactose incorporation into polysaccharide chains, was higher in the case of heterocomplexes than with individual enzymes. Another recent study demonstrated that the Asparagus Irregular Xylem (IRX) 9, IRX10, and IRX14A proteins form multiprotein complexes responsible for xylan backbone synthesis in the Golgi (Zeng et al., 2016). The authors proposed that these proteins are organized in a large single complex where catalytically active IRX10 is indirectly anchored to the Golgi membrane via a heterotrimeric complex formed of IRX9 and IRX14A. Using BiFC assays, the authors observed the formation of homodimers and heterodimers among these proteins and concluded that the IRX complex could potentially include three homodimers (Zeng et al., 2016).

It was proposed that Golgi-localized GTs involved in polysaccharide biosynthesis could also be distributed along different Golgi cisternae according to particular steps in the branching of polysaccharides (Zhang and Staehelin, 1992; Chevalier et al., 2010; Parsons et al., 2019). This was based on detected localizations of some branching enzymes involved in xyloglucan biosynthesis that are co-localized in medial- and trans-Golgi cisternae along with the products of their biosynthetic action (Parsons et al., 2019). Studies from our group using BiFC assays combined with flow cytometry, immunoprecipitation, and in vitro pull-down assays showed that the protein Cellulose Synthase Like C4 (CSLC4), which synthesizes the glucan backbone in xyloglucan, and six other proteins [three xyloglucan xylosyltransferases (XXT1, XXT2, and XXT5), two galactosyltransferases (MUR3 and XLT2), and fucosyltransferase (FUT1)] involved in the synthesis of side chains in xyloglucan form homodimers and heterocomplexes (Chou et al., 2012, 2015; Lund et al., 2015). It can be argued that the attachment of the first monosaccharides in polysaccharide side chains would be enough to produce long polymers that can stay soluble and be further branched later in their movement through Golgi stacks. This is possible in the case of some polysaccharides that do not have long side chains, like galactomannans, or in the case of non-branched mixed glucans, glucomannans, and mannans. However, the elongation of linear backbones without simultaneous branching would most likely quickly terminate synthesis due to a drop in their solubility. Thus, in the case of xyloglucan, this sequential attachment of monosaccharides in its side chains most likely occurs within the same multiprotein complex and not by the action of distinct heterodimers or small heterocomplexes. First, it was shown that xyloglucan molecules that lack Gal-Fuc saccharides attached to xylose decreases growth in Arabidopsis knock-out mutants. It was proposed that the reason for growth inhibition was the lower solubility of such partially branched xyloglucan in comparison with the fully synthesized polysaccharide (Kong et al., 2015). The authors proposed a model that invokes a dysfunctional xyloglucan structure as the most direct cause of growth defects of mutant plants carrying loss-of-function mutations in galactosyltransferase MUR3. Second, studies of protein-protein interactions among xyloglucan-synthesizing GTs demonstrated strong interactions between glucan synthase CSL, the enzymes XXT1, XXT2, and XXT5 involved in the first step of glucan backbone branching, and the GTs involved in the next steps of side chain synthesis, MUR3 and FUT1 (Chou et al., 2012, 2015; Lund et al., 2015). Currently, we do not know enough to rule out any possible scenarios in GT distribution along Golgi stacks and their order of action in synthesizing complete structures of the branched polysaccharide which is delivered to the cell surface. It is likely that different modes exist for different polysaccharides, depending on their branching complexity, the number and types of GTs involved, and the solubility of partially synthesized molecules. Thus, in the case of xyloglucan in Arabidopsis, seven different GTs are required to accomplish the synthesis of a completely branched polysaccharide (Figure 2). The number and the type of GTs can be slightly different in different plant species that have xyloglucans with variations in their side chain monosaccharide composition. We can hypothesize that glucan synthase continues an elongated glucan backbone throughout the whole time period of Golgi maturation. Xylosyltransferases form initial complexes with glucan synthase at the very beginning of synthesis initiation and continue to add xyloses to the newly synthesized glucan. Two galactosyltransferases known to be specific to the position of xyloses on the backbone likely get added to the complex in later Golgi cisternae, likely together with fucosyltransferase to complete the side chains of nascent xyloglucan, which can still be elongated by glucan synthase and xylosyltransferases (Figure 3). How this process terminates is an open question. It is possible that the complex disassembles, releasing completely synthesized branched xyloglucan, or a glucan-specific hydrolase added in the trans-Golgi cleaves the glucan backbone, releasing the branched part of the molecule.
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FIGURE 2. Hypothetical organization of the xyloglucan synthesizing complex. Seven glycosyltransferases (GTs) have been shown to interact in the Arabidopsis Golgi, forming a multiprotein complex. It is hypothesized that GTs involved in the synthesis of xyloglucan side chains are organized around the CSLC protein that synthesizes the glucan backbone. The CSLC protein has a catalytic domain localized in the cytoplasm, where it adds glucose to the elongating glucan chain, moving the chain into the Golgi lumen through the pore formed by the six TMD helices (green). The other six GTs [three blue xylosyltransferases (XXT1, XXT2, and XXT5), two red galactosyltransferases (MUR3, XLT2), and yellow fucosyltransferase (FUT1)] interact with the TMD of the CSLC protein via their TMDs; in addition, the GTs interact with each other via catalytic domains. The actual crystal structures of XXT1, XXT2, XXT5, and FUT1 (Urbanowicz et al., 2017; Culbertson et al., 2018) are depicted here. Since the structures for MUR3 and XLT2 are not solved, these GTs are depicted as red spheres.
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FIGURE 3. Hypothetical presentation of xyloglucan synthesizing complex organization and its compositional dynamics in different Golgi cisternae. The colors and structural organizations are identical to those shown in Figure 2. CSL (green) and three XXTs (blue) form the first stage of the complex to synthesize the glucan backbone and xylosylate it as the first step in xyloglucan biosynthesis. Later in Golgi maturation, the other three glycosyltransferases (GTs) are added to the complex to finish the side chain synthesis, while CSL and XXTs continue to elongate and xylosylate the backbone. Perhaps XXTs can leave the complex at the later stages of synthesis; however, the backbone continues to be attached to CSL, assisting MUR3, XLT2, and FUT1 to finalize the synthesis of complete polysaccharide structure. When the complex reaches the trans-Golgi, the polysaccharide is released via currently unknown mechanism and gets packed into transport vesicles to be delivered to the cell surface. The hypothetical distribution of xyloglucan-synthesizing GTs depicted here is based on multiple studies of protein-protein interactions among these proteins and on data from electron microscopy studies of GT localization within different Golgi cisternae.


It has been shown that some GTs function as homodimers or heterodimers while being less active in monomeric form (Hassinen et al., 2010; Kellokumpu et al., 2016). Judging from the few examples reported to date, the actual enzymatic activity of most plant polysaccharide-synthesizing GTs does not depend on being in heterocomplexes. Most polysaccharide-synthesizing GTs characterized so far can act individually in solution, catalyzing sugar transfer onto oligosaccharides if the correct acceptor is provided. So far, there are few examples of such obligatory oligomerization. One example is the plant GAUT1–GAUT7 heterodimer (Atmodjo et al., 2011), in which GAUT1 associates with GAUT7 after proteolytic cleavage of its N-terminal TMD in order to be anchored in the Golgi. The study of the GAUT1–GAUT7 complex involved in the synthesis of homogalacturonan demonstrated that this heterodimer, where GAUT1 carries the enzymatic activity and GAUT7 serves as an anchor for GAUT1, has two distinct phases, a slow phase of homogalacturonan initiation de novo followed by fast polysaccharide chain elongation (Amos and Mohnen, 2019). The authors proposed the two-phase distributive elongation model as an alternative to the processive GT mode of action. They suggested that, in addition to anchoring GAUT1 to the Golgi membrane, the GAUT7 protein functions as the binding site for the elongating homogalacturonan chain and directs it to the GAUT1 active site by forming the grove between the two proteins. Currently, it is unknown whether the other two anchor proteins, GAUT5 and GAUT6, also act in a similar manner, assisting the GAUT1 enzyme. Studies of Asparagus IRX proteins involved in xylan synthesis also suggested that IRX10 possibly requires interaction with IRX9 and IRX14A to be anchored to the Golgi, although it was not demonstrated whether the activity of these proteins depends on the presence of others (Zeng et al., 2016). When the CSLC4 protein (Cocuron et al., 2007) was co-expressed with XXT1 in Pichia cells, it was able to synthesize longer glucan chains in comparison to the expression of CSLC4 alone. Although the glucan chain was not xylosylated due to the absence of UDP-Xyl in Pichia, these results suggested that XXT1 may assist CSLC4 function through direct or indirect interactions.

Protein in multiprotein complexes can be held together via various interacting surfaces. There are examples of such interactions between different GT domains, such as hydrophobic TMDs, soluble catalytic domains, stem regions, or short cytosolic N-termini (Atmodjo et al., 2011; Harrus et al., 2018; Khoder-Agha et al., 2019; Purushotham et al., 2020). Less information about protein domains involved in protein-protein interactions is available for polysaccharide-synthesizing GT complexes. For example, in the case of GTs involved in the synthesis of side chains in xyloglucan, all six enzymes were shown to interact when expressed and purified without their predicted TMDs using pull-down assays (Chou et al., 2012, 2015). This suggests that they can interact via catalytic domains localized in the Golgi lumen. It is plausible that the xyloglucan-synthesizing complex is held together via hydrophobic interactions between TMD domains of glucan synthase and the branching GT within the Golgi membrane; in addition, the soluble catalytic domains of branching GTs interact with each other in the Golgi lumen. Bringing together the catalytic domains of GTs in the Golgi lumen via interaction might assist in moving the elongating glucan backbone along their active sites. A study of protein-protein interactions between GAUT1 and GAUT7 showed that they interact through their catalytic domains due to lack of a TMD in mature GAUT1, and this heterocomplex is held together via covalent and non-covalent interactions (Atmodjo et al., 2011).



STRUCTURAL STUDIES DEMONSTRATE OLIGOMERIZATION OF PLANT GTs

Only two crystal structures are currently available for plant GTs involved in cell wall non-cellulosic polysaccharide biosynthesis. Both structurally characterized GTs are Arabidopsis proteins involved in xyloglucan side chain synthesis. The first is XXT1, which initiates side chains on the non-branched glucan backbone during xyloglucan biosynthesis (Cavalier and Keegstra, 2006; Cavalier et al., 2008). The other is FUT1, which attaches the terminal fucose to finish the trisaccharide attached to the glucan backbone in xyloglucan (Perrin et al., 1999; Faik et al., 2000).

Arabidopsis FUT1 was the first plant polysaccharide-synthesizing GT structurally characterized using X-ray crystallography. Two groups have independently solved the structure of FUT1 (Rocha et al., 2016; Urbanowicz et al., 2017). Both groups reported the oligomerization of the recombinant FUT1 without a TMD in solution observed during purification and in the final crystals. Rocha et al. (2016) obtained a crystal with four molecules of FUT1 in an asymmetric unit, which corroborated their earlier findings that FUT1 behaves as a noncovalent homodimer in solution (Ciceron et al., 2016). Urbanowicz et al. (2017) reported two structures, where the two molecules of FUT1–GDP complex were present in the asymmetric unit, whereas another crystal contained four molecules of FUT1–XXLG complex (Urbanowicz et al., 2017).

Later, the crystal structure of XXT1 was solved by our group (Culbertson et al., 2018). The XXT1 protein, lacking a TMD, also behaves as a noncovalent homodimer in solution and presented as a symmetric homodimer in the crystals obtained. Considering that GTs frequently tend to oligomerize in solution, one can argue that the homodimerization of FUT1 and XXT1 observed in structural studies is an in vitro artifact. However, analyses of available structural data for numerous GTs involved in various glycosylation processes and present in oligomeric form in their crystals show that many GTs actually form biologically relevant dimers (Harrus et al., 2018). Studies of protein-protein interactions in living plant cells corroborated the reported behavior of the XXT1 and FUT1 proteins observed in solution. Homodimers for two XXTs, FUT1, and CSLC4 were detected using BiFC assay in Arabidopsis (Chou et al., 2015) and a reversible Renilla luciferase protein complementation assay in N. benthamiana (Lund et al., 2015). From the latter’s cell biology studies, it was concluded that GTs involved in xyloglucan biosynthesis can form homodimers and heterodimers in vivo, though competition assays reveal that some proteins form stronger heterodimers than homodimers (Chou et al., 2012, 2015). Although an XXT1 homodimer was not detected in the BiFC study, it is possible that it can still be formed transiently before XXT1 gets to interact with XXT2 to form a more stable complex. These results support earlier conclusions made from reverse-genetic study of Arabidopsis XXTs (Zabotina et al., 2012). There it was proposed that the heterodimers XXT2–XXT5 and XXT1–XXT2 are key players during xyloglucan biosynthesis in Arabidopsis plants. Indeed when we used the structure of the XXT1 homodimer to generate homology models of XXT2 and XXT5, we found that a large number of identical residues in all three proteins are involved in protein-protein interactions holding their homodimers (Zabotina lab, not published). Furthermore, for XXT1–XXT1 and XXT2–XXT2 homodimers, all residues involved in ionic or hydrogen bonding between the two proteins were identical, and in XXT5–XXT5 only one pair of amino acids was different from the pair at the same position in the homodimers of XXT1 and XXT2. These observations suggest that the XXT proteins are interchangeable and can readily form homodimers or heterodimers via the same interaction surfaces. At this point, it is difficult to propose what implications such high fidelity of interacting residues in XXT proteins has on the stoichiometry of the whole xyloglucan-synthesizing complex in the Golgi and the biological relevance of the XXT1 homodimer, but there is likely certain flexibility in their compositional dynamics.



MODELS FOR DISTINCT SUB-GOLGI LOCALIZATION OF GLYCOSYLTRANSFERASES

GT sorting, concentration, and assembly into complexes in specific spatial locations necessarily depend on the nature of protein transport through the Golgi (Munro, 1998; Pelham and Rothman, 2000; Tu and Banfield, 2010). Two main models of protein trafficking are currently intensely discussed: “anterograde vesicular transport” and “cisternal maturation” (Opat et al., 2001; Staehelin and Kang, 2008; Donohoe et al., 2013). The cisternal maturation model depends on the efficient retrograde transport of cis- and medial-Golgi proteins from the late Golgi cisternae back to the earlier cisternae to maintain the steady-state spatial distribution of GTs across the Golgi stack. Selective enrichment of late-Golgi-resident proteins could also be achieved by sustained and very efficient recycling of these proteins from post-Golgi compartments, like the TGN, back to trans-Golgi cisternae. On another hand, the vesicular transport model requires continuous trafficking of GTs to specific Golgi cisternae in combination with a mechanism to retain them by preventing their anterograde transport. Data from plant cells appear to be most consistent with the cisternal maturation model (Hawes et al., 2010; Donohoe et al., 2013).

The mechanisms that account for the specific spatial distributions of polysaccharide biosynthetic enzymes throughout the Golgi cisternae are unknown despite the fact that, as noted, this feature of the biosynthetic system is integral to determining the structure of mature cell wall components. Current knowledge primarily derives from studies of protein glycosylation. Four different models have been proposed for the sub-Golgi distribution of GTs involved in glycoprotein modification (Welch and Munro, 2019): (1) oligomerization or “kin recognition” (Opat et al., 2000; Andersson-Gunneras et al., 2006; Hassinen et al., 2010), (2) the “bilayer thickness” model (Saint-Jore-Dupas et al., 2006), (3) the rapid partitioning model (Patterson et al., 2008), and (4) sub-targeting via information encoded in the cytoplasmic tails of GTs (Uliana et al., 2006). On the other hand, despite intensive studies of N-glycosylation in plants over the past decades, the underlying mechanisms of spatial localization are still widely unsolved. The data that are available emphasize that sorting/partitioning of proteins and lipids into different Golgi cisternae is a highly interdependent process (Lippincott-Schwartz and Phair, 2010; Tu and Banfield, 2010) and that vesicular transport, organelle maturation, and continual fusion and fission of compartments are all likely involved in attaining the steady-state distribution of GTs that ultimately determines cell wall structure. In addition, the formation of large multiprotein complexes can contribute not only to the functioning of those synthetic complexes but also possibly to their retention in the Golgi stacks and distribution across different cisternae (Opat et al., 2000).

The mechanisms of protein endomembrane trafficking in plants have been the subject of intensive studies in the last decade (Stefano et al., 2013; Brandizzi, 2018; Sinclair et al., 2018). Currently, limited information is available about the trafficking of polysaccharide-synthesizing GTs in plant cells (van de Meene et al., 2017). Most studies were devoted to understanding the delivery of CesA proteins and their complexes to the plasma membrane (Watanabe et al., 2018; Zhu et al., 2018). It was suggested that CSCs are pre-formed in the Golgi before being translocated to the cell surface; however, it is unclear whether this is a requirement for their delivery to the plasma membrane. On the other hand, other polysaccharide-synthesizing GTs have never been detected on the plasma membrane and are believed to be retained within the Golgi compartment (Parsons et al., 2012; Rosquete et al., 2018; Okekeogbu et al., 2019; Parsons et al., 2019). It was proposed that the formation of large multiprotein complexes among GTs could prevent their packing into the transport vesicles and assist in Golgi retention (Hassinen et al., 2010). There are also some indications that GTs can pre-form complexes before being transported to the Golgi, and their translocation from the ER to the Golgi could depend on the protein-protein interactions (Jiang et al., 2016). Using confocal and immunogold microscopy imaging, the authors showed that two GTs and two mutases involved in xylan biosynthesis in wheat form complexes that can be detected in the ER but finally accumulate in the Golgi. They proposed that one of these proteins, TaGT43-4, acts as a scaffold protein that holds the other proteins in the complex. There are other important protein-protein interactions that control GTs’ translocation from the ER to the Golgi and their distribution within the Golgi cisternae. These interactions include the components of regulated protein transport machinery and usually involve the N-terminal cytosolic tails and TMDs of GTs (Schmitz et al., 2008; Tu et al., 2008; Liu et al., 2018; Schoberer et al., 2019). Currently, it is unclear whether such interactions could impact the formation of GT complexes and potentially their translocation. However, this area of research is quickly developing and undoubtedly will continue to contribute to our understanding of how GTs get moved from their place of synthesis to their final locations and how and when they are brought together into multiprotein complexes.



CONCLUSIONS AND FUTURE DIRECTIONS

In this review, we have presented the current state of knowledge about plant polysaccharide-synthesizing GTs and the most recent findings on their organization in multiprotein complexes that are required to form the highly branched structures of heteropolysaccharides. There are still significant gaps in our understanding of the stoichiometry, structural organization, functioning, and substrate specificities of GT complexes involved in any type of glycosylation. Nevertheless, it is already evident that the formation and compositional dynamics of these large complexes is key to producing polysaccharide complexity and structural diversity. In addition to GTs, these complexes can also contain specific glycosidases, membrane-bound enzymes responsible for the interconversion of nucleotide sugars, and also multimembrane-spanning transporter proteins required to deliver nucleotide sugars from the cytoplasm (not described in this review). In addition, different acetyl- and methyltransferases can also be a part of the synthesizing complexes (Caffall and Mohnen, 2009; Gille and Pauly, 2012).

New developments in technology and methodologies enable advances in this exciting area of fundamental research. The demonstration of specific protein-protein interactions is an important first step in determining the potential complex formation, but it should always be followed by detailed studies of structural organization of the putative multiprotein complexes and their biological significance. Such detailed studies should include the determination of substrate specificities, the channeling of substrate to specific members of the complex, and the targeting of GTs to particular sub-Golgi compartments and consequently to specific polysaccharide-synthesizing complexes. In addition to the broadly used BiFC and FRET/fluorescence-lifetime imaging microscopy techniques, a recently developed approach in detecting protein-protein interactions using split-biotin assays (Lin et al., 2017; Schopp et al., 2017) enables studies of transient protein interactions in vivo, which will certainly advance investigations of GT complex compositional dynamics within different Golgi cisternae and their stability. Novel advances in protein crosslinking, in combination with highly sensitive mass spectrometry techniques (Yang et al., 2017), could also improve our ability to pull down protein complexes formed via weak interactions and investigate their composition and stoichiometry. Significant effort is still needed in the field of structural biology of polysaccharide-synthesizing GTs. Without knowledge of diverse GT 3D structures, it is difficult to envision significant progress in understanding the actual structural organization of these complexes, particularly when the complex carries multiple components. Structural studies of GTs using X-ray crystallography and NMR have become more feasible since an expression system using HEK293 cells was introduced for producing recombinant plant GTs (Amos and Mohnen, 2019). The structures of the catalytic domains of the two plant polysaccharide-synthesizing GTs that are currently available were obtained using HEK293 cells. Plant polysaccharide-synthesizing GTs grown in HEK293 cells are capable of producing recombinant proteins in quantities of hundreds of milligrams per liter and secreting them into media. The development of powerful cryo-electron microscopy techniques is opening amazing possibilities in determining structures of large single-component and multicomponent systems and their structural dynamics, with single bond resolution. This approach allowed the discovery of the structure of the CesA trimer involved in cellulose synthesis in plants (Purushotham et al., 2020) and, undoubtedly, will be a pioneering approach in the near future for structural studies of Golgi GT complexes as it overcomes the limitations in studying large membrane proteins and systems with other biophysical techniques.

Ultimately, the understanding of how GTs are organized to synthesize large complex polysaccharide structures will have a significant impact on many aspects of these enzymes’ utilization in plant biotechnology and material science. Thus, the understanding of what brings specific GTs together to synthesize particular structures and how GT activity, substrate specificity, and the structure of their products depend on GT organization in complexes will assist in engineering plant cell wall modifications to increase plant resilience to environmental cues and improving biomass properties for industrial applications. Furthermore, the understanding of GTs’ interdependence will contribute to their application in synthesizing new biomaterials, substituting or complementing chemical synthesis, which currently has significant limitations in synthesizing large, highly branched polysaccharide structures with high regiospecificity.
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Plant glycoproteins display a characteristic type of O-glycosylation where short arabinans or larger arabinogalactans are linked to hydroxyproline. The conversion of proline to 4-hydroxyproline is accomplished by prolyl-hydroxylases (P4Hs). Eleven putative Nicotiana benthamiana P4Hs, which fall in four homology groups, have been identified by homology searches using known Arabidopsis thaliana P4H sequences. One member of each of these groups has been expressed in insect cells using the baculovirus expression system and applied to synthetic peptides representing the O-glycosylated region of erythropoietin (EPO), IgA1, Art v 1 and the Arabidopsis thaliana glycoprotein STRUBBELIG. Unlike the situation in the moss Physcomitrella patens, where one particular P4H was mainly responsible for the oxidation of erythropoietin, the tobacco P4Hs exhibited rather similar activities, albeit with biased substrate preferences and preferred sites of oxidation. From a biotechnological viewpoint, this result means that silencing/knockout of a single P4H in N. benthamiana cannot be expected to result in the abolishment of the plant-specific oxidation of prolyl residues in a recombinant protein.
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INTRODUCTION

Plant-made pharmaceuticals are gaining more and more attention, therefore the difference between human post-translational modifications (PTMs) and plant PTMs should be addressed. One of the most prominent modifications to deal with is glycosylation of proteins. Glycoengineering of the N-glycosylation pathway of certain plants is already in a very advanced stage. Abolishment of the immunogenic plant-specific β1,2-xylose and α1,3-fucose residues of the core N-glycan was achieved in different plant systems (Koprivova et al., 2004; Strasser et al., 2004; Cox et al., 2006; Strasser et al., 2008; Sourrouille et al., 2008; Jansing et al., 2019) and production of erythropoietin (EPO) without Lewis-A epitopes was achieved in moss (Parsons et al., 2012). O-glycan engineering in plants on the other hand is still in its infancy and plant-produced pharmaceuticals with human-like structures devoid of plant-specific modifications have not been reported (Castilho et al., 2012; Yang et al., 2012). In mammals, O-glycan biosynthesis occurs in a stepwise fashion involving the sequential transfer of single monosaccharide residues to serine and threonine residues forming mucin-type O-glycans. A similar mucin-type O-glycan biosynthesis pathway does not exist in plants (Strasser, 2012). The first step in the plant-specific O-glycosylation is the generation of Hyp residues. Many Hyp residues are further glycosylated by arabinogalactan, extensin type oligo-arabinosyl glycan chains or solanaceous lectins (Clarke et al., 1979; Lamport, 1980; Showalter and Varner, 1989; Josè and Puigdomènech, 1993). Hyp residues are generated by peptidyl-proline 4-dioxygenase, also called prolyl 4-hydroxylase (P4H). P4Hs belong to the large class of non-heme iron dioxygenases that use α-ketoglutarate (2-oxoglutarate) and O2 as cosubstrates to activate the metal center and form succinate and a high-valent iron(IV)-oxo species (Price et al., 2003; Proshlyakov et al., 2004). These plant-specific modifications are undesired as concerns have been raised for the presence of non-human PTMs on recombinant proteins for therapeutic applications. Therefore, the responsible enzymes must be discovered and characterized in order to engineer Nicotiana benthamiana into a competitive expression system for recombinant O-glycosylated proteins.

In mammals two P4H families have been identified, Hypoxia Inducible Factor (HIF)-P4Hs and collagen-P4Hs. Hydroxylation of collagen proline residues results in the formation of the stable triple helical structure of collagen (Myllyharju, 2003). HIF-P4Hs regulate the stability of a transcription factor (HIF1a) (Epstein et al., 2001). Prolyl 4-hydroxylation can also be detected on other proteins like elastin (Müller et al., 1978) and even on the nuclear protein Argonaute 2 (Qi et al., 2008). Mammalian P4Hs have clear preference for the sequence X-Pro-Gly, typically Pro-Pro-Gly, whereby good substrate affinity is only provided by strings of more than five such triplets (Kivirikko et al., 1989). In plants, the motifs recognized by P4Hs are more ambiguous. Typical substrates are proline-rich glycoproteins and the subgroup of arabinogalactan proteins (AGPs), which occur in the extracellular space or are linked to the outer membrane of plant cells. An example from a tomato AGP is the sequence TGQTPAAAXVGAKAGTTPPAAP, where all prolines are converted to Hyp (Zhao et al., 2002). The synthetic sequences (SP)n, (SPP)n, and (SPPPP)n (fused to green fluorescent protein) were readily oxidized when expressed in N. benthamiana or A. thaliana (Xu et al., 2008). In the C-terminal sequence of Art v 1 (KSPPGATPAPPGAAPPPAAGGSPSPPADGGSPPPPADGGSPP VDGGSPPPPSTH) (Uniprot Q84ZX5), the major allergen of mugwort, prolines are hydroxylated to about 60% (Himly et al., 2003). In a ragweed allergen (Uniprot D4IIH8) Hyp residues are found in the sequence KNPGPPPGAPKGMPPAPSPPSGGGAPPPSGGE (Leonard et al., 2010). In BY-2 tobacco cells the hydroxylation of a single proline residue in the recombinant protein sporamin required a substrate with a five amino acid sequence [AVSTG]–Pro–[AVSTG]–[GAVPSTC]–[APSDE] where Pro is the modification site, while the other four amino acids can be either ones within the corresponding brackets (Shimizu et al., 2005). These examples indicate that plant P4Hs have a wider substrate specificity and/or many enzymes are involved in the oxidation of these proteins.

In A. thaliana as well as in Solanum lycopersicum 13 different P4H paralogs were reported so far (Hieta and Myllyharju, 2002; Tiainen et al., 2005; Kalaitzis et al., 2009; Velasquez et al., 2011). In the promising recombinant protein expression system N. benthamiana the P4H activity was already described (Pinkhasov et al., 2011; Castilho et al., 2012; Yang et al., 2012; Göritzer et al., 2017), but the putative P4Hs are still uncharacterized. Since this plant was already successfully used for production of therapeutic proteins for treatment of human patients (Qiu et al., 2014), the issue of proline hydroxylation should be addressed and examined further, to create strategies to eliminate this modification on plant-produced recombinant proteins.

In this work four N. benthamiana P4H candidates were selected from different homology groups and recombinantly expressed in insect cells using the baculovirus expression system. Enzyme activity was tested by four synthetic peptide substrates with specific focus on IgA1 proline-rich hinge region peptide. Subcellular localization was evaluated in plant leaf tissue as well as initial experiments were conducted for silencing of the genes coding for the two most active P4H candidates.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Wild-type Nicotiana benthamiana plants were grown under long-day conditions (16-h-light/8-h-dark photoperiod) on soil at 24°C.



Selection of P4H Paralogs

To discover putative P4Hs in N. benthamiana, Arabidopsis thaliana DNA sequences of known P4H genes were used to perform BLAST (basic local alignment search tool) searches against the gene models in the N. benthamiana database1. Protein sequence alignments were performed using the MAFFT algorithm L-INS-i (Katoh and Standley, 2013). A maximum likelihood phylogenetic tree was produced using PhyML software (Guindon et al., 2010) at the web server NGPhylogeny.fr (Lemoine et al., 2019) using SPR moves to optimize tree topology and 10 random starting trees. Statistical branch support was calculated using 500 bootstrap replications and the optimal substitution model was assessed by Smart Model Selection (Lefort et al., 2017) to be GTR + G + I + F under the Akaike information criterion (AIC). Multiple sequence alignments and phylogenetic trees were visualized in the MEGA7 software (Kumar et al., 2016).



P4H Cloning and Expression in Insect Cells

Total RNA was isolated from leaves of 5-week-old wild type N. benthamiana using the Monarch Total RNA Miniprep kit (New England Biolabs, Frankfurt am Main, Germany) and cDNA was prepared using the LunaScript RT SuperMix kit (New England Biolabs). Four selected candidates of each phylogenetically relevant groups were subcloned into NEB pMiniT 2.0 vectors provided with the NEB PCR mini kit (New England Biolabs). All primers are shown in Supplementary Table 1. Sequences were then verified by Sanger sequencing (Microsynth AG, Balgach, Switzerland) and are deposited in Supplementary Data 1. GenBank accession numbers were assigned to each of these nucleotides: MW524054 (Nb-P4H1), MW524055 (Nb-P4H4), MW524056 (Nb-P4H9) and MW524057 (Nb-P4H10). For expression in insect cells the catalytically active domain was amplified without the membrane anchor. The baculovirus expression system was used to multiply the pVT-Bac-His-1 vector (Tessier et al., 1991) carrying the P4H sequences in Sf9 cells, finally the obtained viral stocks were used to co-transfect Trichoplusia ni High five cells to express the recombinant P4H enzymes. The enzymes were His-tag purified from the cell supernatant with immobilized metal affinity chromatography using an Äkta purifier and 1 ml His-Trap FF columns (GE Healthcare Life Sciences, Vienna, Austria).



P4H Activity Assay and LC-ESI-MS Measurements

The enzymatic assays to verify peptide hydroxylation were performed in a total of 50 μL 100 mM MES buffer (pH 6.3) containing 10 μL of purified enzyme, 100 μM synthetic peptide; 300 μM 2-oxoglutarate; 2 mM ascorbate; 50 μM FeSO4 for 16 h at 30°C. The exact amounts of the recombinant enzymes used were Nb-P4H1: 7.01 μg; Nb-P4H4: 8.25 μg; Nb-P4H9: 4.20 μg; Nb-P4H10: 7.26 μg as determined with the micro BCA protein assay kit (Thermo Fisher Scientific, Vienna, Austria). All the synthetic peptides were ordered from JPT (JPT Peptide Technologies, Berlin, Germany) and denatured by heating to 97°C for 10 min, followed by rapid cooling before using in the activity assays. The reaction mixtures were first passed through a 10mg Hypersep-96 C18 cartridge (Thermo Fisher Scientific) and eluted with 85% Acetonitrile in 80 mM Ammonium-formiate buffer (pH 3). The eluants were freeze-dried and taken up in starting buffer before being loaded onto a Biobasic capillary column (150 mm × 0.32 mm; Thermo Fisher Scientific) using a Dionex Ultimate 3000 LC-system (Thermo Fisher Scientific) directly coupled to a Bruker maXis 4G Q-TOF MS instrument equipped with the standard ESI source (Bruker Daltonics, Bremen, Germany). Spectra were recorded in positive ion data depended acquisition mode. The same setup was used for analyzing plant- and HEK293 cell expressed IgA1 samples that were transiently expressed in N. benthamiana and HEK293 cells as described in detail previously (Göritzer et al., 2017). Purified IgA1 samples first went through reduction, S-alkylation (iodoacetamide) and digestion with sequencing grade trypsin (Promega, Walldorf, Germany). For the relative quantification of the different hydroxyprolineated structures, peak areas of Extracted Ion Chromatograms (EICs) of the first four isotopic peaks were summed. All observed charge states were considered. In case of overlapping ammonium adducts the relative quantification was done similarly by exclusively considering the monoisotopic peaks of all observed charge states.



Determination of Km and vmax Values

To determine the Km and vmax values the activity assays were downscaled to a final volume of 20 μL maintaining the same concentrations and temperature. The recombinant enzymes used were Nb-P4H1: 3.51 μg; Nb-P4H4: 1.65 μg; Nb-P4H9: 0.42 μg; Nb-P4H10: 1.45 μg per reaction. To calculate a Km and a vmax value the concentration of the synthetic IgA1 peptide varied from 0.022 mM to 5.61 mM. For Nb-P4H1 and Nb-P4H4 a reaction time of 30 min was chosen, while for the other two enzymes the reaction was stopped after 20 min. The assays were immediately purified with 25 mg Hypersep-96 C18 cartridges (Thermo Fisher Scientific) using 85% Acetonitrile in 80 mM Ammonium-formiate buffer (pH 3) to elute the peptides. For MS measurements the peptides were either loaded onto a Biobasic capillary column (150 mm × 0.32 mm; Thermo Fisher Scientific) or onto an Acclaim PepMap nano column (250 mm × 0.075 mm; Thermo Fisher Scientific) using a Dionex Ultimate 3000 LC system (Thermo Fisher Scientific) coupled to a Bruker maXis 4G Q-TOF MS with the standard or the nano ESI source (Bruker Daltonics). To assist relative quantification, a fixed amount of another synthetic peptide (PTTTPITTTTTVTPTPTPTGTQTK) was added to each sample as internal standard. To quantify the hydroxylated products, it was assumed that the relation between the standard and the substrate is the same as the relation between the standard and the product.



RNAi-Mediated Transient Silencing of Endogenous Nb-P4H1 and Nb-P4H10 Genes

For RNAi-mediated gene silencing of endogenous Nb-P4H1 and Nb-P4H10, a sense-intron-antisense construct was generated following a previously established procedure (Strasser et al., 2008). A subcloned synthetic DNA fragment consisting of a Nb-P4H1 or Nb-P4H10 sense DNA fragment fused to the intron 2 from the Arabidopsis thaliana β1,2-xylosyltransferase gene (Supplementary Data 2) was obtained from GeneArt Gene Synthesis (Thermo Fisher Scientific). The synthetic DNA was used as a template for PCR amplification of the corresponding antisense fragment using the primers listed in Supplementary Table 1. The antisense PCR fragment was KpnI/BamHI digested and ligated into the respective cloning vector carrying the sense-intron DNA. The sense-intron-antisense sequence was subsequently excised from the cloning vector and ligated into the XbaI/BamHI digested plant expression vector pPT2M (Strasser et al., 2005).

The pEAQ-IgA1 light and heavy chain expression vectors were available from a previous study (Göritzer et al., 2017). IgA1 constructs were additionally cloned into the XbaI/BamHI sites of pPT2M (Strasser et al., 2005) after amplification of the light and heavy chain constructs from the previously described GeneArt String fragments (Göritzer et al., 2017). In the pPT2M vector the expression is under the control of a cauliflower mosaic virus 35S promoter.

For transient gene silencing, overnight cultures of agrobacteria carrying the expression vector for the IgA1 heavy chain (either pEAQ-IgA1-HC or pPT2M-IgA1-HC) were diluted to an optical density (OD600) of 0.15, bacteria carrying the IgA1 light chain (pEAQ-IgA1-LC or pPT2M-IgA1-LC) or the gene silencing constructs were diluted to an OD600 of 0.1. Equal volumes were mixed and the mixture was infiltrated into N. benthamiana wild-type plants as described previously (Strasser et al., 2008). Two (pPT2M-constructs) or 4 days (pEAQ-constructs) after infiltration, IgA1 was purified from leaves as described previously (Göritzer et al., 2017) and subjected to LC-ESI-MS analysis. To determine the gene silencing efficiency, leaves of 5-week-old N. benthamiana wild-type plants were infiltrated with the Nb-P4H1-RNAi or Nb-P4H10-RNAi silencing constructs. Infiltration with pPT2M-IgA1-HC was used as a mock control. RNA was isolated 2-days after infiltration from 25 mg leaves using the Monarch Total RNA Miniprep Kit (New England Biolabs). Total RNA was reverse transcribed using the LunaScript RT SuperMix Kit (New England Biolabs). qPCR was performed in triplicate using the GoTaq qPCR Master Mix (Promega) and the CFX96 Touch Real-Time PCR System (Bio-Rad, Feldkirchen, Germany). Protein phosphatase 2A (PP2A) expression was used for normalization of qPCR data. Data analysis was done with the CFX-Manager software version 3.1 (Bio-Rad). Three independent biological replicates were used to calculate the mean values and standard deviation.



Subcellular Localization

For Nb-P4H1-RFP expression, the full-length Nb-P4H1 coding region was amplified from the subcloned Nb-P4H1 pMiniT 2.0 clone with the primers listed in Supplementary Table 1, XbaI/BamHI digested and cloned into XbaI/BamHI digested expression vector p31 (Hüttner et al., 2012). The Nb-P4H4-GFP expression construct was generated by PCR amplification from the NEB pMiniT 2.0 clone, XbaI/BglII digestion and ligation into XbaI/BamHI digested expression vector p47 (Hüttner et al., 2014). Nb-P4H9 and Nb-P4H10 were cloned in a similar manner into p47. All constructs were transformed into Agrobacterium tumefaciens strain UIA143 and used for syringe-mediated agroinfiltration (Strasser et al., 2008). Leaves of 5-week-old wild type N. benthamiana plants were infiltrated with Agrobacterium suspensions carrying the protein(s) of interest with an OD600 of 0.1. Confocal images were acquired 2 days post infiltration (dpi) on a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany). Samples were excited using 488- and 561-nm laser lines for GFP and RFP, respectively, and observed using a 63 × /1.4 NA or 100 × /1.4 NA CS2 STED white oil immersion objective, respectively. Signals were collected simultaneously from 500 to 530 nm for GFP and 600–630 nm for RFP. Post-acquisition image processing was performed in Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, CA, United States). For co-localization RFP/GFP-tagged P4Hs were co-expressed with the Cis/medial-Golgi marker AtGnTI-RFP or AtGnTI-GFP (Schoberer et al., 2019).



Transient Nb-P4H Overexpression in Nicotiana benthamiana Leaves

Agrobacteria carrying one of the Nb-P4H-GFP or -RFP fusion constructs were diluted to an OD600 of 0.1 and mixed with agrobacteria carrying pEAQ-IgA1-HC (OD600 of 0.15) and agrobacteria carrying pEAQ-IgA1-LC (OD600 of 0.1). The mixture was infiltrated into leaves of 5-week old wild-type N. benthamiana using syringe-mediated agroinfiltration (Strasser et al., 2008). 4 days after infiltration, IgA1 was purified from leaves as described in detail previously (Göritzer et al., 2017) and subjected to LC-ESI-MS analysis.



RESULTS


Identification of Prolyl 4-Hydroxylases in Nicotiana benthamiana

For the identification of P4H paralogs in N. benthamiana, the nucleic acid sequences of Arabidopsis thaliana P4Hs were used to perform BLAST searches against the gene models in the Nicotiana benthamiana database (see text footnote 1) (Supplementary Table 2). With this approach, 11 putative P4Hs could be determined. A phylogenetic analysis was carried out including protein sequences of these N. benthamiana P4H candidates and other P4H sequences of different plant origin. Only the putative catalytical domains were aligned to minimize algorithm errors. Some of the known plant P4Hs (eg., P. patens, C. reinhardtii, and C. sorokiniana) displayed very low sequence identity to N. benthamiana P4H candidates, therefore these sequences were omitted from the final alignment. The resulting tree depicted four clearly separating branches (Figure 1). The catalytically active domains of one paralog from each group were selected and successfully amplified from N. benthamiana cDNA libraries. The candidates were chosen based on the expression levels in the leaf tissue (Supplementary Table 3), these data were obtained from the Gene Expression Atlas (version 6) of the N. benthamiana database (see text footnote 1). The selected Nb-P4H candidate genes were the following: Nbv6.1TRP71678 (Nb-P4H1), Nbv6.1TRP32386 (Nb-P4H4), Nbv6.1TRP28223 (Nb-P4H9), and Nbv6.1TRP31841 (Nb-P4H10). Interestingly, aligning several biological replicates of amplified and cloned sequences of Nb-P4H4 and Nb-P4H10 with the sequences of the N. benthamiana database showed some discrepancies in sequence identities (Supplementary Table 4). This potentially represents natural differences in N. benthamiana accessions (Schiavinato et al., 2019). However, this did not disrupt enzyme activity probably attributed to the fact that the amino acids in key positions for binding cofactors and substrate were unaffected by these mutations. Supplementary Figure 1 shows the amino acid sequence alignment of the obtained sequences next to the A. thaliana P4H1 sequence. As clearly marked, the three Fe2+-binding residues (two histidines and an aspartate), and the lysine binding the C-5 carboxyl group of the 2-oxoglutarate are conserved for all Nb-P4H candidates.


[image: image]

FIGURE 1. Phylogeny of the catalytic domains of different putative or known prolyl 4-hydroxylases (P4Hs). All putative N. benthamiana P4Hs were compared with relevant plant enzymes. Sequences are derived from UniProt (UniProt accession numbers are given for all entries) and version 6 of N. benthamiana database (www.uniprot.org; benthgenome.qut.edu.au). Protein sequences were aligned using the MAFFT alignment tool with the algorithm L-INS-i (Katoh and Standley, 2013) and phylogeny was inferred using PhyML (Guindon et al., 2010). Branch support was calculated by 500 bootstrap repetitions (values displayed in percent). The tree was visualized in MEGA7 (Kumar et al., 2016). For further experiments the selected candidates are marked red.


To confirm the expression and monitor the subcellular localization of the Nb-P4H proteins, they were transiently expressed in N. benthamiana leaves with a fluorescent protein fused to the C-terminus. Co-localization experiments with the Cis/medial-Golgi resident N-acetylglucosaminyltransferase I (GnTI) (Schoberer et al., 2019) showed that all Nb-P4H candidates were located in the Golgi apparatus (Figure 2). In addition to the Golgi localization, Nb-P4H4 was also present in the ER. Overall, the localization of the Nb-P4H candidates is consistent with a previous study that detected a tobacco P4H in the ER and Golgi in tobacco BY2 cells (Yuasa et al., 2005).
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FIGURE 2. Subcellular localization of potential Nicotiana benthamiana P4Hs fused with fluorescent proteins. Co-localization was performed with Cis-Golgi located Arabidopsis thaliana N-acetylglucosaminyltransferase I (GnTI). Scale bars = 10 μm.




Enzyme Activity and Substrate Specificity of Recombinant Nb-P4Hs

The DNA sequences coding for the catalytic domains from all 4 Nb-P4Hs were cloned into a baculovirus expression vector and expressed in insect cells. Prolyl 4-hydroxylase activity was assessed for each recombinant enzyme by mass spectrometry using synthetic peptides designed based on experiments conducted previously. These peptides had the following four sequences: VTVPVPSTPPTPSPSTPPTPSPS from IgA1 and AQKEAISPPDAASAA from EPO, representing the critical parts of two biotechnologically relevant naturally O-glycosylated human proteins, AAGGSPSPPADGGSPPPPADG from the arabinan and arabinogalactan carrying Artemisia vulgaris pollen allergen Art v 1 (Leonard et al., 2005) and DGTPFNTSIITPPPPPCCDPPPATHR from the Arabidopsis thaliana protein STRUBBELIG (Vaddepalli et al., 2011).

Using the IgA1 peptide, Km and vmax values were determined by mass spectrometry (Table 1 and Supplementary Figures 2, 3, 4). Although using a very specific substrate and utilizing a novel method for determination of these values make the comparison difficult, our results fit in well with the published results of other plant P4Hs (Eriksson et al., 1999; Hieta and Myllyharju, 2002; Tiainen et al., 2005; Keskiaho et al., 2007). At first glance, all four recombinant P4Hs from N. benthamiana displayed similar activity and substrate specificity (Figure 3). Each enzyme consistently oxidized up to five Pro residues of the IgA1 peptide during overnight assays, and they all acted on all other synthetic peptides with the exception of Nb-P4H4 on EPO. In the EPO peptide, there are two prolines present that are next to each other but only one of them (Pro149) was oxidized by Nb-P4H1, Nb-P4H9, and Nb-P410. Nb-P4H1 was the most active enzyme on the extension-like sequence of Art v 1, while Nb-P4H9 and Nb-P4H10 preferred mainly the STRUBBELIG and IgA1 sequences. The cofactors 2-oxoglutarate, ascorbate and Fe2+ were all essential to the activity of these enzymes, concluded from inactivity in the absence of these substances (data not shown). A closer inspection by MS/MS, however, revealed clear differences of the four P4Hs in site and substrate preferences (Figure 4 and Supplementary Figure 5). The MS fragmentation data showed that each enzyme – despite having broad substrate specificity – shows a preference for specific sites. The preferred sequence of recombinant Nb-P4H1 as well as Nb-P4H10 is PPTPS in which the second proline gets oxidized (marked bold). Interestingly, this sequence occurs repeatedly in the IgA1 hinge-region peptide and while Nb-P4H1 mostly acts on P18, Nb-P4H10 preferably oxidizes P10. Furthermore, Nb-P4H4 displays activity on the same site as Nb-P4H1 but mostly prefers the sequence SPSTP. Nb-P4H9 on the other hand was most active at the site TPSPS. Surprisingly, the prolines at the sites VPVPS, VPSTP and the C terminal SPS harboring P4, P6, and P22 residues of the IgA1 sequence were seemingly untouched by any of the recombinant enzymes tested. A total of 7 Hyp residues could be identified as target substrates of the IgA1 peptide, indicating that only 70% of prolines are oxidized by these enzymes. Lastly, Nb-P4H activity was probed with HEK293-cell produced IgA1 substrates as well, however, no conversion of proline to hydroxyproline could be detected (data not shown) possibly caused by different folding or the occupancy of the nearby O-glycosylation sites.


TABLE 1. Michaelis–Menten constant (Km) and maximum velocity (vmax) values of recombinant N. benthamiana P4Hs using the synthetic peptide from IgA1 as substrate (VTVPVPSTPPTPSPSTPPTPSPS).
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FIGURE 3. Activity of recombinant Nb-P4Hs on different synthetic peptide substrates. (A) Representative ESI-LC-MS spectra of doubly charged ions [(M + 2H)2+] of the IgA1 peptide (VTVPVPSTPPTPSPSTPPTPSPS), (B) double charged ions of the EPO peptide (AQKEAISPPDAASAA), (C) triple charged ions [(M + 3H)3+] of the STRUBBELIG peptide (DGTPFNTSIITPPPPPCCDPPPATHR), (D) double charged ions of the Art v 1 peptide (AAGGSPSPPADGGSPPPPADG). Proline hydroxylation can be observed by the mass increments of 16 Da in single charged ions (or 8 and 5.3 Da in double and triple charged ions, respectively). The isotopic pattern is correct for each peptide except for Art v 1 where an undesired ammonium adduct (+17 Da) adds to the intensity of the second isotopic peak. In this case the height of the first isotopic peak should be accepted.
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FIGURE 4. Summarized results of the site-specific analysis of P4H activity of recombinant P4H candidates from N. benthamiana. Base Peak Chromatograms of the LC-ESI-MS runs are depicted and location of oxidation sites are marked as detected by MS/MS analysis of the synthetic IgA1 sequence VTVPVPSTPPTPSPSTPPTPSPS. Individual MS2 spectra for each peak can be found in Supplementary Figure 5.




Overexpression of Nb-P4H1, Nb-P4H4, Nb-P4H9, and Nb-P4H10 Fusion Proteins and RNAi-Mediated Transient Silencing of Nb-P4H1 and Nb-P4H10 Genes

Monomeric IgA1 was co-expressed with different fluorescent protein-tagged Nb-P4Hs to see whether their overexpression results in increased Hyp formation in the IgA1 hinge region. Recombinant IgA1 was purified from crude leaf extract, digested with trypsin and applied to ESI-LC-MS analysis to investigate the changes in proline hydroxylation on the IgA1 hinge region. Relative quantification by peak integration revealed highest degrees of hydroxylation through co-expression with Nb-P4H1-RFP and Nb-P4H10-GFP (Table 2A and Supplementary Figure 6). We therefore generated Nb-P4H1 and Nb-P4H10 RNAi silencing constructs for co-infiltration with IgA1 expression vectors in N. benthamiana. The used RNAi construct is based on a design that we successfully used previously in stable or transient silencing approaches and gives good expression 2 to 3 days after infiltration (Strasser et al., 2008; Shin et al., 2017). In addition to the pEAQ-IgA1 expression vector that shows highest expression 4 days after infiltration (Göritzer et al., 2017), IgA1 was expressed using the same binary expression vector (pPT2M) that was used for expression of the gene silencing constructs and gives maximal expression levels 2 to 3 days after infiltration. By co-infiltration of pPT2M-IgA1 with Nb-P4H1/Nb-P4H10-RNAi the highest percentage of non-modified IgA1 hinge-region could be reached (Figure 5). Even though the proline modification was reduced, keeping over 50% of the peptides unmodified, the Nb-P4H activity could not be completely abolished by only silencing two of the Nb-P4Hs (Table 2B). This is in agreement with the observed site-specificity of different recombinant Nb-P4H on synthetic substrates suggesting that several enzyme paralogs are active on a given peptide substrate in N. benthamiana. On the other hand, a surprising feature of Nb-P4H1 and Nb-P4H10 silencing was the greatly reduced attachment of pentoses to the remaining Hyp residues (Figure 5).


TABLE 2. Relative quantification of hydroxyproline residues in the hinge-region tryptic peptide (HYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR – 4136.8899 Da) of plant produced IgA1 co-infiltrated with Nb-P4H overexpression and silencing constructs.
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FIGURE 5. LC-ESI-MS spectra of the hinge region peptide from recombinant IgA1 produced in the presence of Nb-P4H silencing constructs (Nb-P4H1 RNAi and Nb-P4H10 RNAi). Recombinant IgA1 was expressed by infiltration of pPT2M-IgA1. (A) Unmodified peptide and additional peaks showing P4H activity. (B) A wider mass range shows the same samples carrying additional O-glycans in the form of arabinosylation. Asterisks denote impurities unrelated to the target molecules.




DISCUSSION

In addition to already well-established mammalian cell systems, the plant-based production of recombinant immunoglobulins is gaining more and more attention as plants allow the production of customized homogeneous N-glycans with few engineering steps (Strasser et al., 2014; Loos et al., 2014). The next step to tailor immunoglobulin’s posttranslational glycosylation is to direct our attention toward O-glycans and the elimination of plant-specific modifications. These start with a proline 4-hydroxylase oxidizing a proline residue in the substrate polypeptide chain. This is then followed by glycosyltransferases building up arabinans or arabinogalactans (Leonard et al., 2005; Leonard et al., 2010). Arabinose residues attached to O-glycosylation sites have been described for maize-produced IgA and for a mucin-tandem repeat containing peptide expressed in N. benthamiana (Karnoup et al., 2005; Pinkhasov et al., 2011). These plant-specific glycans could cause immunogenic or allergic reactions in humans (Leonard et al., 2005). Engineering mucin-type O-glycans onto MUC1 was successful in N. benthamiana, but the unsubstituted hydroxyprolines were still a concern in the work of Yang et al., 2012.

Even sialylated structures could be engineered into N. benthamiana without causing phenotype changes, losing biomass or any adverse effect on expression yield (Castilho et al., 2012). Still, hydroxyproline remained integrated in the product, which asks for further engineering steps. In this work four different homology groups of potential P4Hs from N. benthamiana were identified. Members of each of these groups, that were assumed as potentially relevant for heterologous protein production were expressed and characterized. Consistent with previous data on BY2 cells (Yuasa et al., 2005) or transient expression of Arabidopsis P4Hs in N. benthamiana (Velasquez et al., 2015), all selected Nb-P4H candidates were localized in the Golgi apparatus, with Nb-P4H4 showing presence in the ER as well.

Our selected method to evaluate P4H activity was LC-ESI-MS. Prolyl 4-hydroxylation is clearly detectable by searching the MS spectra for additional peaks with the mass increment of 16 Da. Four synthetically produced peptides, two from human proteins of biomedical interest and two from plant proteins were used as substrate for the recombinant enzymes. Differences in substrate preferences were observed, but in general all 4 enzymes were active on all four substrates with the exception of Nb-P4H4 on human erythropoietin peptide. Moreover, LC-ESI-MS/MS also revealed remarkable differences in the order of hydroxylation of different proline residues within a substrate. Eventually, although in different progression, all recombinant Nb-P4Hs oxidized the same target sequences on our substrates, showing no differences in specificity. Human IgA1 peptide was used as substrate for developing a new method to obtain the Michaelis-Menten constants and values of the reactions’ maximum velocity. These values didn’t show greater differences between the different N. benthamiana enzymes than those reported in A. thaliana P4H orthologs (Tiainen et al., 2005). Based on our results, Nb-P4H1 (Km = 8 μM) and Nb-P4H10 (Km = 66 μM) have the highest affinity to bind to the IgA1 hinge region peptide, which is in agreement with the overexpression results.

Substrate specificity of plant P4Hs is still not well defined and poly-L-proline was accepted as a general substrate (Tanaka et al., 1980). Initially, this suggested the recognition of the characteristic three-residue-per-turn extended helix, a conformation rather than a sequence. However, Hyp and glycosylated Hyp occur on sequences lacking this polyproline II conformation (Kieliszewski and Lamport, 1994), which implies that plant P4Hs, just like animal P4Hs, are indeed essentially directed by amino acid sequence. In green algae, contiguous Pro residues, Pro residues alternating with some other amino acid, mostly Ser, and PPSPX repeats have been identified in hydroxyproline-rich glycoproteins (where X means any amino acid), with many of the Pro residues being subsequently 4-hydroxylated (Adair and Snell, 1990; Sumper and Hallmann, 1998; Ferris et al., 2001). The Chlamydomonas reinhardtii P4H1 also used SPKPP as substrate amongst other motifs already mentioned above, albeit with lesser efficiency (Keskiaho et al., 2007). This is a rare occurrence, because Pro followed by a Lys residue is not hydroxylated in higher plants but is a good substrate of a viral P4H (Kieliszewski and Lamport, 1994; Eriksson et al., 1999). In BY-2 tobacco cells the 5 amino acid sequence required for proline 4-hydroxylation was described as [AVSTG]–P–[AVSTG]–[GAVPSTC]–[APSDE] (modification site marked bold) (Shimizu et al., 2005). Our findings showed that all investigated Nb-P4Hs used the following 5 sequence motif in the IgA1 peptide: [VSTP]–P–[STP]–[TP]–[SP]. This complements the sequence requirements of Shimizu et al. (2005) with Pro residues in both +1 and −1 position to the modification site. In a tomato AGP, all prolines of the peptide sequence TGQTPAAAXVGAKAGTTPPAAP were converted to Hyp, creating similar motifs with prolines in both +1 and −1 positions (Zhao et al., 2002). With the help of the EPO peptide, another motif (PPDAA) was revealed to be substrates of some Nb-P4Hs. Nb-P4H1, Nb-P4H9 and Nb-P4H10 utilized this motif where Asp is in +1 position of the hydroxylation site. This motif was also discovered as substrate for moss P4H1 (Parsons et al., 2013). We proved that Nb-P4Hs are acting on various different substrates and new hydroxylation sites were discovered. It is clear that the sequence requirements are far from specific. This might cause issues with not only IgA and EPO, but at the production of other glycoproteins as well. There is a clear need for further understanding and successful elimination of P4H activity in order to utilize N. benthamiana as a safe host for the expression of recombinant glycoproteins.

By overexpression of the selected candidates in N. benthamiana leaves, some candidates seemed to act on the IgA1 proline-rich peptide more, therefore silencing constructs were developed for transient co-expression with glycoproteins. Using this approach, the quantity of Hyp residues and the attached pentoses on the plant produced recombinant IgA1 were perceivably reduced. Pentoses, presumably arabinoses (Shpak et al., 2001; Xu et al., 2008), were only observed where three or more Hyp residues were present. The exact arrangement of these substrates may be relevant for arabinosyl transferases, which would explain the stronger reduction of glycosylation compared to that of hydroxylation. Glycosylation was previously shown to have more rigid sequence requirements compared to hydroxylation (Shimizu et al., 2005). However, the removal of these modifications was not complete, which may be explained by insufficient reduction of mRNA levels (30% reduction for Nb-P4H1 and 85% reduction for Nb-P4H10, Supplementary Figure 7) or a sizable expression of other members of the homology group. Based on the sequence identity to P4H candidates in the N. benthamiana genome database (Supplementary Table 2 and Supplementary Data 2) it can be predicted that the used Nb-P4H1-RNAi construct is quite specific for Nb-P4H1. The Nb-P4H10-RNAi sequence, on the other hand, displays high sequence identity to other Nb-P4H10 and Nb-P4H3 candidates that we did not characterize in this study. It is therefore plausible that the silencing affects also other members of the homology group, which could be an advantage for the prevention of unwanted Hyp formation on recombinant proteins. Stable expression of the gene silencing constructs or a complete knockout of Nb-P4H genes may completely prevent Hyp formation. In addition, it might be necessary to characterize and eliminate other enzyme paralogs that are active on a given recombinant glycoprotein expressed in N. benthamiana.

Obviously, any strategy toward elimination of proline 4-hydroxylation in N. benthamiana will have to consider the possibility of phenotypic changes. The effect of P4H action on plant phenotype depends on the particular P4H and its substrate. Elimination of AtP4H2, AtP4H5 and AtP4H13 in Arabidopsis resulted in a short root hair phenotype (Velasquez et al., 2011; Velasquez et al., 2015). In Arabidopsis a correct O-glycosylation on extensins seemed essential for cell-wall assembly and, hence, root hair elongation. In the moss P. patens the knockout of single P4Hs did not compromise the viability of moss cells (Parsons et al., 2013). A profound effect on general plant growth was revealed by gene silencing of putative P4Hs in tomato (Fragkostefanakis et al., 2014). Interestingly, silencing of three different P4Hs in tomato resulted in an increased leaf area due to enhanced cell division and cell expansion. While the complete elimination could potentially have adverse side effects, an increased leaf area would also be favorable in terms of biomass for recombinant protein production in N. benthamiana. Strategies to overcome potential adverse effects of Nb-P4H elimination include the use of powerful transient gene silencing or tissue or even cell-type specific genome editing approaches (Huang et al., 2009; Wang et al., 2020). Moreover, a better understanding of the substrate specificities of different P4Hs may allow the generation of engineered P4H variants that act specifically on endogenous plant proteins without hydroxylating recombinant human proteins. The here characterized Nb-P4Hs and their elimination are first steps toward the development of an expression system for recombinant glycoproteins with custom-made O-glycans lacking Hyp and associated plant-specific glycosylation.
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Complex N-glycan modification of secretory glycoproteins in plants is still not well understood. Essential in animals, where a lack of complex N-glycans is embryo-lethal, their presence in plants seemed less relevant for a long time mostly because Arabidopsis thaliana cgl1 mutants lacking N-acetyl-glucosaminyltransferase I (GNTI, the enzyme initiating complex N-glycan maturation in the Golgi apparatus) are viable and showed only minor impairments regarding stress tolerance or development. A different picture emerged when a rice (Oryza sativa) gntI T-DNA mutant was found to be unable to reach the reproductive stage. Here, we report on tomato (Solanum lycopersicum) lines that showed severe impairments upon two RNA interference (RNAi) approaches. Originally created to shed light on the role of core α1,3-fucose and β1,2-xylose residues in food allergy, plants with strongly reduced GNTI activity developed necrotic fruit-attached stalks and early fruit drop combined with patchy incomplete ripening. Correspondingly, semiquantitative RT-PCR of the abscission zone (az) revealed an increase of abscission markers. Also, GNTI-RNA interference (RNAi) plants were more susceptible to sporadic infection. To obtain vital tomatoes with comparable low allergenic potential, Golgi α-mannosidase II (MANII) was chosen as the second target. The resulting phenotypes were oppositional: MANII-reduced plants carried normal-looking fruits that remained attached for extended time without signs of necrosis. Fruits contained no or only few, but enlarged, seeds. Furthermore, leaves developed rolled-up rims simultaneously during the reproductive stage. Trials to cross MANII-reduced plants failed, while GNTI-reduced plants could be (back-)crossed, retaining their characteristic phenotype. This phenotype could not be overcome by ethephon or indole-3-acetic acid (IAA) application, but the latter was able to mimic patchy fruit ripening in wild-type. Phytohormones measured in leaves and 1-aminocyclopropane-1-carboxylic acid (ACC) contents in fruits showed no significant differences. Together, the findings hint at altered liberation/perception of protein-bound N-glycans, known to trigger auxin-like effects. Concomitantly, semiquantitative RT-PCR analysis revealed differences in auxin-responsive genes, indicating the importance of complex N-glycan modification for hormone signaling/crosstalk. Another possible role of altered glycoprotein life span seems subordinate, as concluded from transient expression of Arabidopsis KORRIGAN KOR1-GFP fusion proteins in RNAi plants of Nicotiana benthamiana. In summary, our analyses stress the importance of complex N-glycan maturation for normal plant responses, especially in fruit-bearing crops like tomato.

Keywords: auxin-like effects, complex N-glycans, GNTI, hormone signaling, free N-glycans, fruit abscission, fruit ripening, MANII


INTRODUCTION

Plants are considered a safe and cost-effective way to produce therapeutic glycoproteins (Gomord et al., 2005; Schoberer and Strasser, 2018). N-glycosylation determines the physicochemical properties of glycoproteins, rendering this posttranslational modification indispensable for the functionality of most secretory proteins (Bosques et al., 2004; Gomord and Faye, 2004) and finally plant vitality (Lerouge et al., 1998; Strasser, 2016; Nagashima et al., 2018). The initial steps of N-glycan synthesis and protein attachment occur at/within the endoplasmic reticulum (ER). These basic steps are highly conserved in all eukaryotes due to folding assistance by lectin chaperones in the ER lumen (reviewed in Howell, 2013). Differences among taxa and species occur during N-glycan maturation, i.e., the conversion of ER-type high mannose to complex-type N-glycans in the Golgi apparatus (Varki et al., 2009). In animal and plant cells, in contrast to unicellular yeasts or microalgae (Mócsai et al., 2020), the initial N-glycan modifications in the Golgi stacks are similar (Varki, 2017). By the sequential action of several glycosyltransferases and glycosylhydrolases, N-glycans with less mannose but additional sugar moieties are formed (Kornfeld and Kornfeld, 1985). First, in the cis-Golgi, α-mannosidase I (Golgi MANI) removes terminal mannoses from the high mannose ER structure, resulting in Man5GlcNAc2∼Asn N-glycans (Kajiura et al., 2010). Then, N-acetyl-glucosaminyltransferase I (GNTI) adds an N-acetylglucosamine (GlcNAc) residue to the trimmed α1,3 arm (Harpaz and Schachter, 1980; Oppenheimer and Hill, 1981). Although it was reported that also abrogation of ER mannosidase I activity can lead to complex-type fucosylated and xylosylated N-glycans in the Golgi apparatus (Liebminger et al., 2009), no further N-glycan modification occurs when GNTI is missing. This was confirmed for the genetic model plant Arabidopsis by isolation and characterization of the first complex glycan-less1 (cgl1) mutant lines (von Schaewen et al., 1993; Frank et al., 2008).

Downstream of GNTI, Golgi MANII removes two mannoses from the α1,6 arm (van den Elsen et al., 2001; Strasser et al., 2006; Shah et al., 2008), before N-acetyl-glucosaminyltransferase II (GNTII) can add one GlcNAc in place. Regardless of prior action of Golgi MANII (Kornfeld and Kornfeld, 1985; Lerouge et al., 1998; Bencúr et al., 2005; Strasser et al., 2006; Kaulfürst-Soboll et al., 2011b), xylose and core fucose residues may be added by β1,2-xylosyltransferase (XYLT) (Strasser et al., 2000) and α1,3-fucosyltransferase, the latter being encoded by two genes in Arabidopsis, FUCTa/FUT11 and FUCTb/FUT12 (Wilson et al., 2001; Bondili et al., 2006). Further decoration of the terminal GlcNAc residues leads to the formation of Lewis-a epitopes (Léonard et al., 2002) via sequential action of β1,3-galactosyltransferase (GALT1) and α1,4-fucosyltransferase FUCTc/FUT13 (in Arabidopsis; Strasser et al., 2007). This bulky modification seems to occur on glycoproteins destined for the plasma membrane/apoplast, but not on those targeted to the tonoplast/vacuole (Takahashi et al., 1986; Fitchette-Lainé et al., 1997). Abundance of Lewis-a epitopes varies among different plant species and tissues (Wilson et al., 2001; Strasser et al., 2007).

Complex N-glycans of plant origin differ from those in mammals by their core α1,3-fucose linkage (also present in insects and certain helminths) and β1,2-xylose attached to the branching mannose (also found in helminths and some snails). In the medical literature, especially in the field of allergy, these epitopes are known as cross-reactive carbohydrate determinants (CCDs). Based on their ability to be bound by specific immunoglobulin E (IgE) antibodies, regardless of the origin, they appear to react similarly to pan-allergens, although in this case without clinical symptoms (Aalberse et al., 1981; reviewed by Altmann, 2007). However, crops are an essential part of the human diet, and oral intake/digestion of plant glycoproteins is usually well tolerated and causes no problems. Nevertheless, CCD-specific IgE antibodies are especially abundant in humans with pollen and/or hymenoptera (bee/wasp) allergy, where they are able to activate basophilic granulocytes (Mertens et al., 2010; Kaulfürst-Soboll et al., 2011a; and the references cited therein). Immunogenicity becomes more problematic with respect to the parenteral administration of glycoproteins containing non-human carbohydrate structures (Gomord et al., 2005; Walsh and Jefferis, 2006). This became evident when patients responded with severe acute symptoms to the injection of cetuximab (Erbitux®), a chimeric mouse–human monoclonal antibody carrying the non-primate glycan epitope Gal-α1,3-Gal of mouse, common with meat from cows and pigs, but also present in cats, dogs, and rats (Chung et al., 2008).

In order to overcome the risk of hypersensitive immune reactions connected with plant-made pharmaceuticals (PMPs), much effort went into altering the modification of N-glycans in different plant hosts (Saint-Jore-Dupas et al., 2004). First, retention within the ER was tested as a solution to protect glycoproteins from receiving core fucose or xylose residues in the Golgi. Fusion of the amino-acid motif H/KDEL to the C-terminus was found sufficient for ER retention of candidate proteins (Denecke et al., 1992) by carrying mostly high mannose N-glycans with eight to nine Man residues (Pagny et al., 2000). But since retention of heterologous proteins in the ER depends on the efficiency of the retrieval machinery (bringing proteins back from the Golgi apparatus), some glycoproteins were still found to be modified with complex-type N-glycans (e.g., cell wall invertase; Pagny et al., 2000). Nevertheless, plant-made antiviral antibodies were shown to be as functional as their mammalian counterparts- yet, with shorter half-life due to a higher clearance rate by mannose receptors in mammals (Engering et al., 1997; Ko et al., 2003).

Another approach to reduce the immunogenic potential of PMPs is the knockout or silencing of plant glycosyltransferases or glycosylhydrolases. Besides eliminating core fucose and xylose by a mutant combination or the engineering of Nicotiana benthamiana plants (Strasser et al., 2004, 2008), Arabidopsis complex glycan-less1 (cgl1 = gntI) produces mostly glycoproteins with mannose-terminating N-glycans of Man5GlcNAc2∼Asn structure (von Schaewen et al., 1993). Feasibility to produce an active human enzyme for therapeutic treatment of a congenital genetic disorder was proven by heterologous expression of glucocerebosidase in Arabidopsis cgl1 seeds (Downing et al., 2006). However, Arabidopsis is a small weed and usually not well suited for obtaining high yields, therefore gene-silencing approaches were pursued to suppress GNTI activity in crops. First approaches demonstrated moderate success: GNTI silencing by antisense approaches in potato and tobacco resulted in a clear, age-dependent reduction of the complex N-glycan pattern (Wenderoth and von Schaewen, 2000), but sometimes without visible changes (Strasser et al., 2004). Better suppression was later obtained by double strand-based RNA interference (dsRNAi) in potato and tomato (Kaulfürst-Soboll et al., 2011a).

Although knockout or silencing of GNTI is an efficient tool to reduce the allergenic potential of plant-specific N-glycan epitopes, it turned out to be disadvantageous for the plant itself. In Arabidopsis, lack of/reduced complex N-glycan formation resulted in increased salt sensitivity, showing as compromised root growth (Frank et al., 2008; Kang et al., 2008). Besides, an extended flowering period, reported by Boyes et al. (2001), and susceptibility to sporadic pathogen attack, already observed for Arabidopsis cgl1 (von Schaewen et al., 1993), was later also found for tomato GNTI-RNAi plants (Kaulfürst-Soboll et al., 2011a). More drastic effects were observed in rice gntI T-DNA plants that suffered from severe developmental problems and failed to reach the reproductive stage (Fanata et al., 2013).

So far only observed in tomato, stalk-associated fruit parts of GNTI-RNAi plants turned brown during ripening, leading to premature fruit drop (Kaulfürst-Soboll et al., 2011a). Interestingly, in Arabidopsis hybrid glycosylation1 (hgl1 = manII) mutants, both core fucose and xylose residues are masked from full immunogenic recognition (Kaulfürst-Soboll et al., 2011b); therefore, we chose the next enzyme in line, Golgi mannosidase II (MANII), as alternative for reducing the immunogenic potential of tomato fruits. To examine whether silencing of Golgi MANII may be better tolerated or provokes a similar ripening phenotype as observed upon GNTI silencing, we generated stable Micro-Tom MANII-RNAi lines using two different dsRNAi constructs. Comparative analyses with wild-type and GNTI-RNAi lines grown in parallel are presented here.



MATERIALS AND METHODS


Plant Material

The Solanum lycopersicum variety Moneymaker dwarf cultivar Micro-Tom (Scott and Harbaugh, 1989) is defective in genes of brassinosteroid metabolism (which indirectly influences responsiveness to gibberellin) and carries a mutation in the self-pruning (sp) gene that leads to a determinate phenotype and another still uncharacterized mutation. In addition, supplemental resistance genes are present, e.g., for Fusarium wilt race 1, gray leafspot, and Cladosporium fulvum (Scott and Harbaugh, 1989; Martí et al., 2006). Still, Micro-Tom is considered a suitable model for the analyses of hormonal regulations in fruit development (Meissner et al., 1997; Eyal and Levy, 2002; Martí et al., 2006; Serrani et al., 2007). Transformation of Micro-Tom cotyledons by Agrobacteria cocultivation in tissue culture and further propagation were done as described previously (Kaulfürst-Soboll et al., 2011a). Tomato plants in soil (for perennials) were regularly watered with 0.4 ppm CALCINIT (93.5% NO3–, 6.5% NH4+, 27% Ca2+, water-soluble) and 0.2 ppm HaKaPhos basis3 (COMPO, Germany). N. benthamiana plants were watered with complete fertilizer HaKaPhos plus (52% NO3–, 48% NH4+ in N14+P5+K24, COMPO, Germany). In the greenhouse, plants received additional illumination (long day regime: 16-h light/8-h darkness at 20–21 to 24–25°C). When about 3 weeks old, N. benthamiana plants were transferred to the lab for agroinfiltration.



Cloning of RNAi Constructs and Generation of Stably Transformed Plants

Tomato MANII-RNAi transformants were created analogous to the GNTI-RNAi transformants described previously (Kaulfürst-Soboll et al., 2011a). A circa 400-bp fragment of the gene coding for Golgi MANII was obtained via RT-PCR from total leaf RNA of Micro-Tom and inserted twice via compatible restriction sites into pUC-RNAi (SalI/BamHI and/or XhoI/BglII; Supplementary Figure S1), flanking the first intron of potato GA20 oxidase (Chen et al., 2003). One construct was assembled in sense-intron-antisense orientation, and another in antisense-intron-sense orientation, using the primers given in Supplementary Table S1. The two assemblies were inserted via PstI into SdaI opened plant-expression vector pBinAR (HygR) behind the constitutive CaMV 35S promoter (Höfgen and Willmitzer, 1990), introduced into Agrobacteria and used to transform wild-type Micro-Tom.

The sense-intron-antisense MANII-RNAi construct was also used to transform N. benthamiana using a tissue-culture protocol for Nicotiana tabacum (Faske et al., 1997). For RNAi suppression of GNTI, another construct was used (Supplementary Figure S1). A similar region as chosen for tomato GNTI-RNAi (Kaulfürst-Soboll et al., 2011a) was amplified from N. tabacum Samsun NN clone A9 (Wenderoth and von Schaewen, 2000) using the same primers as for tomato GNTI-RNAi and inserted twice into vector pUC-RNAi in sense-intron-antisense orientation. The assembly was first inserted via PstI into the SdaI site between the CaMV 35S promoter and octopine synthase terminator. The entire expression cassette was released by EcoRI and SspI and inserted into EcoRI/SnabI-opened binary vector pDE1001 (KanR). All constructs were verified by restriction analyses/sequencing prior to Agrobacteria-mediated plant transformation.



Immunoblot Analyses and Peptide:N-Glycosidase F Treatment

Immunoblot analyses and peptide:N-glycosidase F (PNGase F, NEB) treatment were done with fruit extracts as described earlier (Kaulfürst-Soboll et al., 2011a, b) using α-PHA-L rabbit antiserum for routine cgly detection. α-vINV rabbit antiserum served as the marker of the ripening stage-dependent vacuolar invertase (vINV), concanavalin A (ConA) for detection of mostly mannose-terminating N-glycans, and selected potato-tomato allergic patient sera for the detection of cross-reactive carbohydrate determinants (CCDs), all characterized in Kaulfürst-Soboll et al. (2011a).



Basophil Activation Test

The basophil activation tests (BATs) were performed as described earlier (Kaulfürst-Soboll et al., 2011a) with heparinized whole blood from potato–tomato allergic patients using flow cytometry.



Root Growth Analyses

Root growth responses of tomato seedlings to salt were analyzed as described for Arabidopsis in Kang et al. (2008). Prior to germination, seeds were surface-sterilized in 50-ml tubes, 1 × 10 min with 4% sodium hypochloride (NaOCl) and washed 2 × 10 min with sterile ddH2O. Seedlings were kept on normal 3MS medium (complete Murashige & Skoog with vitamins, 3% sucrose, pH 6.1) before transfer to vertical agar (1.5%) plates of the same medium with salt (100 mM NaCl).



Fruit Picking, Seed Harvesting, and Hormone Treatments

To determine how tightly tomato fruits are attached to their mother plants, the force needed to pick a fruit was measured. Three-month-old Micro-Tom plants grown in the greenhouse were used for the experiments. Fruits of similar developmental stage were pulled in longitudinal direction, and the force was recorded with a computer-assisted dynamometer.

Tomato seeds of ripe fruits were acid-washed in 1 N HCl for several hours and then extensively washed with tap water before letting them dry on filter paper. Dried seeds were stored for several months before using them for seed weight determinations.

Ethephon treatment of fruits was essentially done as described in Mizrahi et al. (1976). Fruits were dipped for 1 min into an aqueous solution [2% ethephon in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 5] and left to dry. Auxin was applied with a syringe. Prior to infiltration, relief holes were pinched into each fruit with the help of the injection needle. Then, ca. 100–300 μl of indole-3-acetic acid (IAA) (100 μM IAA in 10 mM MES, pH 5) was slowly injected, with one repetition on the following day. Buffered water served as control.



Phytohormone Measurements of Tomato Leaves

Leaves were harvested from 4–5-week-old tomato plants for analysis of salicylic acid (SA), auxin (IAA), abscisic acid (ABA), and jasmonic acid (JA). After grinding under liquid N2 to fine powder, 200 mg was either stored at −80°C or directly used for extraction. Extraction of the free analytes was carried out with 1.5 ml ethyl acetate, containing 0.1% (v/v) formic acid and the internal standards 3-hydroxybenzoeic acid (3HOBA), dihydro-jasmonic acid, and indole-5-carboxylic acid (5IFA) (50 ng ml–1). Samples were incubated at 28°C for 60 min after a 10-min sonification step in an ultrasonic bath. After centrifugation at 18,500 g, 1.2 ml of the supernatant was transferred to a new tube. The ethyl acetate was removed to dryness in a gentle stream of N2. Derivatization was performed with 70 μl of a 1:1 mixture of methanol:trimethylsilyldiazomethane (TMSDM; 2 M in diethyl ether) for 20 min at 25°C. Determination of the analytes in 1 μl injected volume was performed by gas chromatography/mass spectrometry (GC/MS) (Shimadzu TQ8040) using splitless injection mode and an SH-Rxi-17SIL-MS column (30 m, 0.25 mm internal diameter, 0.25 μm film, RESTEK GmbH, Germany). The GC oven temperature was held at 70°C for 5 min, then ramped at 15°C min–1 to 270°C, then ramped at 75°C min–1 to 280°C, and afterward held for an additional 10 min at 280°C. Helium was used as the carrier gas with a flow rate of 1 ml min–1. The mass spectrometer was operated in electron impact ionization (EI) and multiple reaction monitoring (MRM) mode, also described in Wan et al. (2019).

For measurements of leaf-emitted ethylene, leaves of 4–6-week-old tomato plants were cut in small squares (3 × 3 mm, using sizers). Leaf pieces were floated on water in a Petri dish overnight (at room temperature) for recovery, before three (each) were transferred into a 6-ml glass reaction tube containing 500 μl water (dd): without treatment, after wounding (3× squeezing with a spatula), or addition of 1 μM elicitor (flg22; Felix et al., 1999; Crip21; Hegenauer et al., 2020). Vials were sealed with rubber plugs and placed on a horizontal shaker (80–100 r/min) at room temperature for 3 h. Of the gas phase, 1 ml was analyzed with a GC-flame ionization detector (FID) (Shimadzu, GC-2014, glass column 3 mm × 1.6 m with Al2O3).



1-Aminocyclopropane-1-Carboxylic Acid Measurements of Tomato Fruits

Ethylene was chemically released from 1-aminocyclopropane-1-carboxylic acid (ACC) as described by Lizada and Yang (1979). Frozen tomatoes were thawed, cut in half, and photographed. One fruit half was crushed with a mortar and pestle in liquid nitrogen. Then, 50% methanol solution (10 ml g–1 fresh weight) was added to the powder. The homogenate was heated to 60°C for 15 min. The suspension was distributed to the test tubes (1 ml per tube). HgCl2 was added to a final concentration of 100 μM, sodium hydroxide (NaOH) was added to a final concentration of 600 mM, and hypochlorite (NaOCl) to 0.35% v/v. Tubes were immediately sealed with rubber plugs and incubated on ice for 20 min. Afterward, 1 ml gas phase was analyzed with a GC-FID (Shimadzu, GC-2014, glass column 3 mm × 1.6 m with Al2O3).



Semiquantitative RT-PCR

Several fruit-bearing pedicels of the same ripening stage [extending 3 mm to both sides of the abscission zone (az)] were harvested and snap frozen in liquid nitrogen. Total RNA was extracted according to Sokolovsky et al. (1990) and treated with RNase-free DNase I. First-strand cDNA was synthesized from 2 μg total RNA in a volume of 40 μl using oligo-dT (18-mer), RiboLock RNase inhibitor (Thermo Scientific), and RevertAidTM H Minus M-MuLV Reverse Transcriptase (Fermentas). For PCR with Taq-DNA Polymerase (Biozyme), 1-μl aliquots and gene-specific primer pairs were used at optimized annealing temperatures and the cycles indicated in Supplementary Table S1.



KOR1-GFP Cloning and Expression Analyses

Cloning of the KOR1-GFP construct was done by restriction digest of pGFP2ΔNco-KOR1 (Rips et al., 2014) and insertion via XbaI/EcoRI sites 5’ of the GFP reporter in pGPTVII.Hyg (Walter et al., 2004). The final construct pGPTVII.Hyg:KOR1-GFP was used to transform Agrobacteria (strain GV2260). Leaves of 4-week-old N. benthamiana plants (wild-type, GNTI-RNAi, and MANII-RNAi) were co-infiltrated with silencing suppressor strain 19K and placed for 24 h in the dark before transfer to constant light. Leaf samples were checked for GFP signals [confocal laser scanning microscopy (CLSM), Leica SP5] and infiltrated with 10 μM tunicamycin as described in Frank et al. (2008).



Immunoblot Analyses of Agrobacterium-Infiltrated Leaves

For each sample, two leaf discs each were excised with a cork borer (∅ 5 mm) and frozen in liquid nitrogen. Protein extraction and immunoblot analyses were essentially done as described earlier (Frank et al., 2008). A first extraction step was conducted without sodium dodecyl sulfate (SDS) to yield a more concentrated extract in the second step with SDS. The first extraction was done in 50 mM HEPES-NaOH, pH 7.5, 250 mM NaCl, 2 mM sodium pyrosulfite, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM Pefabloc SC (Applichem), proteinase inhibitor cocktail for use with plant extracts (Sigma, 1 μl per 30 mg fresh weight), and 2% β-mercaptoethanol. Then, 1% [w/v] insoluble polyvinylpolypyrollidone (PVPP, Sigma) and 2% [w/v] inulin (Merck) were added to the buffer and thoroughly mixed before distribution to the samples. After centrifugation for 10 min in a tabletop centrifuge (4°C), the obtained pellet was extracted with 80 μl of the buffer containing 0.6% [w/v] SDS (w/o PVPP or inulin). SDS-loading buffer was added to 30 μl of the cleared supernatants (4°C), boiled for 10 min, and loaded onto a 6% polyacrylamide gel for SDS-polyacrylamide gel electrophoresis (PAGE) followed by immunoblot analysis.




RESULTS


Complex N-Glycan Recognition Is Strongly Reduced in Tomato MANII-RNAi Plants

According to analyses of Arabidopsis hgl1 mutants (Kaulfürst-Soboll et al., 2011b), suppression of Golgi MANII activity should result in reduced complex N-glycan (cgly) recognition. As previously done for GNTI (Kaulfürst-Soboll et al., 2011a), MANII was silenced in the tomato Moneymaker dwarf variety Micro-Tom via a stable dsRNAi approach. In addition to the usual sense-intron-antisense orientation, also the reciprocal antisense-intron-sense orientation was tested (Supplementary Figure S1A). Compared to GNTI-RNAi, many more regenerants were obtained for both MANII-RNAi constructs. Both leaf and fruit extracts of the primary transformants were tested for reduced cgly patterns on immunoblots using a rabbit α-cgly antiserum (α-PHA-L; Laurière et al., 1989), mostly containing xylose-specific but also core fucose-specific antibodies. Independent of the sense and antisense orientation, strong suppression of cgly recognition was achieved by both MANII-RNAi constructs similarly to GNTI-RNAi (Supplementary Figures S1B,C). Selected transformants were propagated further (Figure 1), and leaf extracts were analyzed in parallel to a GNTI-RNAi (T3) plant, side by side with Arabidopsis cgly mutants (Supplementary Figure S2), using α-PHA-L and α-HRP antisera with slightly different binding affinities (Kaulfürst-Soboll et al., 2011b). Strongly suppressed plants among the tested primary transformants were about 50% for both MANII-RNAi constructs compared to only 7% previously obtained for the GNTI-RNAi lines. Of initially 91 independent GNTI-RNAi transformants, only lines #20 and #45 could be used for the analyses because among six substantially silenced T0 plants, one of the strongest candidates (#91) was lost upon transfer from tissue culture to soil. Of note, using a fruit-specific promoter (B33, driving the same GNTI-RNAi cassette), not a single silenced plant was obtained, although proven effective for vINV-RNAi suppression (Kaulfürst-Soboll et al., 2011a). For MANII-RNAi, lines #5 (producing only few seeds), #6, #11, #13, #14, #15, and #18 were propagated further (Supplementary Figures S3A,B), with lines #11, #14, and #18 used for most of the experiments. Their analyses showed that MANII-RNAi silencing in tomato is stable, resulting in low cgly recognition, comparable to that of the Arabidopsis hgl1 (manII) mutant.
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FIGURE 1. GNTI- and MANII-RNAi plants show opposite growth phenotypes. Micro-Tom wild-type (wt) next to GNTI-RNAi (#20) and MANII-RNAi (#14) plants in the greenhouse. Around the age of 4 months, leaves of wt plants started to develop yellow rims (center), while premature senescence was visible for GNTI-RNAi plants, with yellow to necrotic leaf sectors (center left). At this stage, MANII-RNAi plants showed no signs of senescence, but often rolled-up leaf rims (center right). When cut back, GNTI-RNAi plants were able to grow new green sprouts (bottom left). Leaves and fruits of MANII-RNAi plants had a darker, matte appearance (center and bottom right). For details on plant growth and flower and fruit phenotypes, see Supplementary Figure S3.




Tomato MANII-RNAi Plants Show Subtle Growth Phenotypes

When grown in the greenhouse next to wild-type and GNTI-RNAi, MANII-RNAi plants appeared more vigorous (Figure 1, top) with delayed leaf senescence. In case of sporadic pathogen attack (or abiotic stress without clear specification), MANII-RNAi plants performed like wild-type, while GNTI-RNAi plants were highly susceptible. Especially stems and flowers of MANII-RNAi plants were larger, and fruits developed slightly differently (Supplementary Figure S3C). Another specific phenomenon of MANII-RNAi plants was that leaves had a matte appearance, which was also true for fruits (Figure 1 and Supplementary Figure S3A, bottom), and sometimes displayed less complex leaf shapes. Furthermore, they rolled up their rims, indicating enhanced growth of the lower and/or inhibited growth of the upper side. This happened synchronously (from one day to the next) and was only observed during the fruit-bearing period, pointing to involvement of a volatile phytohormone (perhaps ethylene as antagonist of auxin) without affecting the other genotypes cultivated in parallel. When cut back, GNTI-RNAi plants showing early senescence/necrosis were able to regenerate new green sprouts (Figure 1, bottom left). Interestingly, root growth of MANII-RNAi seedlings was more tolerant to salt (100 mM NaCl), whereas GNTI-RNAi seemed not affected (Supplementary Figure S4).



Extent of Complex Glycan Suppression During Fruit Ripening

The abundance of glycoproteins in tomato fruits increases upon ripening (Priem and Gross, 1992), without structural differences between N-glycans of green and red fruits (Zeleny et al., 1999). To demonstrate this for wild-type and evaluate the extent of cgly recognition in MANII-RNAi versus GNTI-RNAi plants, fruits of different ripening stages were harvested for immunoblot analyses. Because the patchiness of GNTI-RNAi fruits matched the 35S-promoter expression pattern (as visualized by β-glucuronidase GUS fusions in ripe fruits; Moon and Callahan, 2004), green and red parts were separated. Although fruit color is a good indicator of ripeness (indicated by letters in Figure 2), vINV was used as an additional marker because mRNA levels are induced by ethylene and dramatically increase with fruit ripening (Klann et al., 1993; Alba et al., 2005). Moreover, the protein was undetectable in vINV-RNAi fruits (Kaulfürst-Soboll et al., 2011a). Red fruits with comparable amounts of mature vINV signal in wild-type, GNTI-RNAi, and MANII-RNAi extracts were marked for further analyses (Figure 2, gray stars). As expected, the complex glycan pattern increased upon fruit ripening in wild-type (α-cgly) but was significantly reduced by GNTI-RNAi and MANII-RNAi silencing (although remaining bands were detected for both). To determine the extent of cgly reduction in ripe fruits more accurately, selected extracts were serially diluted prior to SDS-PAGE. Blots were developed with anti-complex glycan antiserum (α-cgly; Supplementary Figure S5) and also by affinoblotting with the lectin ConA (Faye and Chrispeels, 1985; Brewer and Bhattacharyya, 1986). Binding of cgly-specific antibodies was similarly reduced in GNTI-RNAi and MANII-RNAi fruit extracts, about 16–32 times compared to wild-type. Inversely, ConA labeling increased to the same extent in both GNTI-RNAi and MANII-RNAi extracts, as shown for Arabidopsis gntI mutant cgl1 (von Schaewen et al., 1993).
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FIGURE 2. Detection of complex N-glycosylated proteins during tomato fruit ripening. Blots of fruit extracts from Micro-Tom wild-type (wt), MANII-RNAi (#14), GNTI-RNAi (#20), and vInv-RNAi (#9) plants of different ripeness (G, green; O, orange; R, red fruits, with lowercase letters indicating fruit parts; +Et, ethephon treatment) were developed with antisera specific for vacuolar invertase (α-vINV, top) or complex N-glycans (α-cgly, PHA-L, center). The latter mainly recognizes β1,2-xylose and to a lesser extent core α1,3-fucoses (independent antibodies). The Ponceau S-stained blots (protein) are shown as loading reference. Since vacuolar invertase is induced during tomato fruit ripening (migrating ∼50 kDa, avoid in vINV-RNAi), its presence was used as the marker to select fruit extracts of similar ripeness for further use (gray stars). Note that vINV (carrying four complex N-glycans in wild-type) is not the most abundant glycoprotein in red fruits (black arrowheads). Proteins decorated with complex N-glycans accumulate during ripening in wild-type fruits (left), which is markedly reduced in the MANII-RNAi and GNTI-RNAi lines. Apparent molecular masses are indicated in kDa (PageRuler Prestained Protein Ladder, Fermentas).


In Kaulfürst-Soboll et al. (2011a), GNTI reduction in fruits was verified by immunoblot analyses of protein extracts treated with PNGase F, an enzyme that releases asparagine-bound N-glycans when α1,3-fucose is missing (Tretter et al., 1991). Glycoproteins of GNTI-RNAi plants (or gntI mutants) are PNGase F-sensitive (Figure 3A), as indicated by the vINV shift (four complex N-glycans in wild-type) and inverse loss of ConA binding to most glycoproteins (Figure 3B). No shifts were detected for wild-type and only minor ones for MANII-RNAi extracts (compare α-cgly to ConA), confirming the presence of core fucoses on most protein-bound N-glycans of MANII-RNAi fruits, as previously shown for the Arabidopsis manII mutant hgl1 (Strasser et al., 2006; Kaulfürst-Soboll et al., 2011b).
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FIGURE 3. Peptide:N-glycosidase F (PNGase F) treatment verifies the presence of core fucoses on MANII-RNAi glycans. (A) N-glycan structures (www.proglycan.com) that may be produced in wild-type (wt), manII, and gntI mutant plants (known as hgl1 and cgl1 in Arabidopsis, respectively) with indicated potential release by PNGase F. This endoglycosidase can cleave asparagine-bound N-glycans when coreα1,3-fucose is missing. In the cell wall or vacuole, terminal sugar residues can be liberated by hexosaminidases (GlcNAc) and α-mannosidases (dotted lines). (B) Immunoblots of untreated (-) and PNGase F-treated (+) fruit extracts from MANII-RNAi (#14), Micro-Tom wild-type (wt), and GNTI-RNAi (#20) plants were developed with α-vINV, α-cgly (α-PHA-L), or the lectin ConA (detecting mannose-terminating N-glycans). The Ponceau S-stained blot (protein) is shown as the loading reference. In GNTI-RNAi, PNGase-F treatment results in a shift of vacuolar invertase (vINV, arrowheads) and loss of ConA binding. This is not the case for MANII-RNAi or wt samples, confirming the presence of core fucoses on most glycoproteins. Note that the upper band detected by α-vINV (stars) shifts in all PNGase F-treated extracts (protein with high mannose precursor), indicating completeness of the enzyme treatment. Apparent molecular masses are indicated in kDa (PageRuler Prestained Protein Ladder, Fermentas).




MANII-RNAi Silencing Reduces the Immunogenic Potential of Tomato Fruits

From the analyses of Arabidopsis hgl1 mutants, MANII emerged as an alternative target for lowering the immunogenic potential of plant-derived glycoproteins (Kaulfürst-Soboll et al., 2011b). This was proven first by Western blot analysis using CCD-positive sera of two potato/tomato-allergic patients that contain CCD-specific (s)IgE antibodies (mediators of immediate-type allergic reactions). Patient sera, mainly recognizing core fucose (PT-02) or xylose epitopes (PT-06; Kaulfürst-Soboll et al., 2011a; Kaulfürst-Soboll et al., 2011b), showed markedly reduced binding to MANII-RNAi fruit extracts. Of note, binding was comparable to GNTI-RNAi (Figure 4A), whereas binding to vINV-RNAi extracts resembled wild-type, as reported earlier (Kaulfürst-Soboll et al., 2011a). To confirm similar peptide-epitope composition, the serum of a latex-allergic patient that strongly binds to highly abundant tomato polygalacturonase 2A (PG), confirmed with the recombinant protein expressed in Escherichia coli (not shown), was included.
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FIGURE 4. Patient sera reveal reduced cross-reactive carbohydrate determinants (CCD) binding to MANII-RNAi fruit extracts. (A) Immunoblots were prepared with extracts of Micro-Tom wild-type (wt) and RNAi-silenced fruits (GNTI-RNAi #20; vINV #9; MANII-RNAi lines #11 and #14). CCD-positive sera of potato/tomato-allergic patients PT-02 and PT-06 (Kaulfürst-Soboll et al., 2011a) were used for the detection of CCD-specific IgE (sIgE) antibodies. A serum of a non-allergic individual, also containing sIgE for polygalacturonase 2A (46 kDa, a major glycoprotein of tomato fruits), but only minor CCD-sIgE, was included as control. The Ponceau S-stained blot (protein) is shown as the loading reference. The black arrowhead points to vacuolar invertase (vINV, 52 kDa), which was not detected in vINV-RNAi fruits. Note that the CCD-positive patient sera (left) show strong binding to wt and vINV-RNAi, but reduced binding to GNTI-RNAi and MANII-RNAi extracts. Apparent molecular masses are indicated in kDa (PageRuler Prestained Protein Ladder, Fermentas). (B) Whole blood of patient PT-02 was used for a basophil activation test (BAT) with the indicated fruit extracts, demonstrating about 10 times reduced stimulation by GNTI-RNAi and also MANII-RNAi. Horseradish peroxidase (HRP; vacuolar glycoprotein with nine complex N-glycans) in PBS served as a positive control for CCD-dependent basophil stimulation and PBS as negative control.


To further investigate whether MANII-RNAi suppression in tomato also results in lower effector-cell triggering, as previously shown for GNTI-RNAi (Kaulfürst-Soboll et al., 2011a), an ex vivo BAT was performed with whole blood of PT-02 and native tomato fruit extracts. Basophils of this potato/tomato-allergic patient were strongly activated by horseradish peroxidase (HRP; nine complex N-glycans), routinely used to demonstrate activation by plant-derived CCD epitopes (Figure 4B). Activation by wild-type or vINV-RNAi extracts was similar but required about 10 times higher concentration of the GNTI-RNAi or MANII-RNAi extracts. Thus, both immunological tests of MANII-RNAi fruit extracts confirmed effective core fucose shielding by untrimmed mannoses on the α1,6 arm.



MANII-RNAi Plants Do Not Show the Fruit Phenotype Characteristic for GNTI-RNAi

MANII-RNAi plants developed almost like wild-type, whereas fruits of GNTI-RNAi plants ripened irregularly, with a patchy coloration (from green, yellow to red) and necrotic stalk-attached parts before ripening was complete (Figures 5A,B, arrows). This is likely one reason for the early fruit drop observed when GNTI-RNAi plants still looked fine and green, not yet showing signs of premature senescence. By contrast, MANII-RNAi fruits remained attached to the plant for an extended time. In addition, larger seeds were produced (Figure 5C), however, at the expense of the seed number per fruit. Seed mass was about 1.8-fold higher compared to wild-type and GNTI-RNAi plants (Figure 5D). In some lines, seed number was extremely reduced, and often fruits without seeds were found (thus work was continued with lines that still produced seeds). Interestingly, for Arabidopsis hgl1 (manII) and cgl1 (gntI) mutants, no obvious changes in seed development were observed, with 1,000-grain weights comparable to wild-type (not shown). This pointed to a tomato-specific phenomenon perhaps due to interference with hormone crosstalk during fruit ripening. Of note, the GNTI-RNAi phenotypes were not overcome by back-crossing, although plants could easily be crossed with the tall wild-type variety Moneymaker (to exclude an influence of the dwarf mutant background; Supplementary Figure S6) and another Micro-Tom line (vINV-RNAi, not shown). An extreme MANII-RNAi line was used for reciprocal crosses with Micro-Tom wild-type (Supplementary Figure S7). Pollination with wild-type did not result in vital seeds, and no hygromycin-resistant progeny was found when MANII-RNAi was used as the pollen donor. This revealed problems for both female and male gametophytes.
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FIGURE 5. ManII-RNAi fruits resemble wild-type, except for seed number and mass. (A) Comparison of GNTI-RNAi (#20) and MANII-RNAi (#15) Micro-Tom plants in the greenhouse. Mature GNTI-RNAi fruits show yellow-green areas, whereas MANII-RNAi fruits develop normally. (B) Stalk-associated fruit parts of GNTI-RNAi (#20) remain incompletely ripe (green parts) and show signs of necrosis (arrows), whereas MANII-RNAi (#15) fruits look normal but contain less seeds. (C) Acid-washed dried and stored tomato seeds, shown for Micro-Tom wild-type (wt), and exemplarily for a GNTI-RNAi (GTI) and MANII-RNAi line (MII). Each box measures 5 mm × 5 mm. (D) MANII-RNAi seeds are heavier and GNTI-RNAi seeds are slightly lighter than Micro-Tom wild-type. The box plot was compiled with seeds from several seed batches (biological replicates) of wild-type (wt; N = 14), GNTI-RNAi lines (GTI #20, N = 8; #45, N = 4), and MANII-RNAi lines (MII #11, N = 13; #13, N = 2; #14, N = 23; #15, N = 11; #18, N = 9). For details (one-way ANOVA), see Supplementary Excel Sheet.


Since fruits of GNTI-RNAi plants came loose easily, the force needed to pick a fruit was determined for the Micro-Tom genotypes at comparable ripening stages (Supplementary Figure S8). When red fruits were pulled in longitudinal direction, fruits of the wild-type and MANII-RNAi were released at 5.3 N, but GNTI-RNAi fruits already at 4.2 N. Thus, premature abscission observed for GNTI-RNAi plants manifested before fruits dropped naturally. Several assumptions can be made about the underlying mechanisms in the tomato GNTI- and MANII-RNAi plants, but interference with auxin versus ethylene signaling during fruit ripening would fit the observed phenotypes best.



Ethephon Alleviates and Indole-3-Acetic Acid Mimics the Patchy Phenotype of GNTI-RNAi Fruits

Ethylene, important for fruit ripening, is also known to be involved in senescence (Lim et al., 2007) and defense (Wang et al., 2002), which appears enhanced in GNTI-RNAi plants (Figure 1). To address whether ethylene may influence the patchy phenotype, GNTI-RNAi fruits were treated with ethephon (an industrial agent used for acceleration of fruit ripening), which releases ethylene during decomposition. Ethephon was applied to fruits when separation into orange and yellow parts became visible (Figure 6A). Two days later, the orange parts had turned red, while the yellow parts remained more or less the same. When a normal-looking green fruit (of almost the size of the red fruits) was subjected to the ethephon treatment, 11 days later, the fruit showed a more homogeneous yellow-red coloration compared to an untreated fruit on the same plant, but patchiness and stalk-attached necrosis remained (Figure 6B). Hence, we reasoned that rather auxin responses may be influenced in the RNAi lines.
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FIGURE 6. The fruit phenotype of GNTI-RNAi is alleviated by ethephon and mimicked by indole-3-acetic acid (IAA). (A) Fruits of Micro-Tom GNTI-RNAi line #20 were photographed before (-) and after (+) treatment with 2% ethephon (2-chloro-ethyl-phosphonic acid), whose decomposition results in ethylene release. Ethephon was applied when irregular fruit coloration appeared (the border between yellow and orange areas was marked with a water-resistant pen). After 2 days, orange areas had turned red, while yellow-green areas remained patchy yellow-green. (B) After ethephon treatment of green fruits, GNTI-RNAi fruits developed a more homogeneous red color, but necrotic stalk regions remained after 11 days, compared to an untreated fruit from the same plant. (C–F) Detached Micro-Tom fruits (breaker stage) were infiltrated in parallel with either tap water (+ H2O) or the auxin indole-3-acetic acid (+ IAA, 100 μM). Dpi, days post infiltration. After 4 days, IAA infiltration resulted in patchy coloration of both wild-type (wt) and MANII-RNAi fruits (#20), similar to GNTI-RNAi (#14) fruits. After 11 days, IAA-infiltrated fruits looked rotten. When opening the water-infiltrated fruits, signs of internal rotting were visible for GNTI-RNAi, and to some extent also for MANII-RNAi, but not for wt fruits.


Many studies have shown that auxin (IAA) plays an important role in fruit ripening and aging. Exogenous IAA treatment of immature tomato fruits is known to delay ripening and results in parthenocarpy (Kumar et al., 2014). When IAA was injected into mature green fruits of Micro-Tom wild-type, fruits ripened but started to rot after 1 week, while water-infiltrated fruits of the same plant ripened without rotting (not shown). This was also observed for detached fruits. Compared to water, IAA infiltration into green wild-type fruits resulted in delayed ripening and early rotting (Figure 6C). GNTI-RNAi fruits kept their patchy phenotype upon IAA injection (Figure 6D), and water-infiltrated MANII-RNAi fruits showed a patchy coloration after 4 days, reminiscent of the GNTI-RNAi phenotype (Figure 6E). Internal signs of rotting were also visible for detached, water-injected fruits of GNTI-RNAi, and to a much lesser extent also for MANII-RNAi, but not for wild-type (Figure 6F).



Evidence for Deregulated Hormone Signaling in GNTI-RNAi and MANII-RNAi Plants

To investigate whether phytohormone levels might be altered in the RNAi lines, the contents of IAA, ABA, JA, and SA were determined in Micro-Tom leaf tissues (Figure 7A). Compared to the wild-type, no significant changes were recorded, except for JA that was not detected in the RNAi plants. SA levels were by trend slightly elevated in the GNTI-RNAi lines compared to wild-type and MANII-RNAi.
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FIGURE 7. Hormone measurements of Micro-Tom leaf and fruit extracts. (A) Phytohormone levels were determined in leaf extracts of the wild-type (wt) and indicated RNAi lines (GT, GNTI-RNAi; MII, MANII-RNAi). IAA, indole acetic acid; ABA, abscisic acid; JA, jasmonic acid; SA, salicylic acid. Bars represent the mean of three biological replicates for three plants of wt, four of each GNTI-RNAi line, and two of MANII-RNAi line #11. SD, standard deviation. (B) Ethylene emission from leaf pieces after the indicated treatments: water (mock), a bacterial elicitor (1 μM flg22), a parasitic plant elicitor from Cuscuta (1 μM Crip21), or repeated squeezing with a forceps (wounding). Bars represent the mean of three measurements with three plants per genotype, i.e., Micro-Tom wild-type (wt), GNTI-RNAi lines (GT #20, #45), and one MANII-RNAi line (MII #11). SEM, standard error of the mean. (C) Ethylene was chemically released from 1-aminocyclopropane-1-carboxylic acid (ACC) of frozen fruit halves. Micro-Tom wild-type (wt), GNTI-RNAi lines (GT #20, #45), and MANII-RNAi line (MII #11) at the ripening stages shown (G, green; O, orange; Y, yellow; R, red). Bars represent the mean of three replicates. SD, standard deviation of the mean.


To test whether stress treatment may reveal differences between the genotypes, ethylene release was measured upon wounding or incubation with elicitors, which are perceived by the heavily N-glycosylated ectodomains of receptor-like kinases (RLKs) at the plasma membrane, i.e., bacterial flg22 by FLS2 (Häweker et al., 2010) or Crip21 by CuRe (18 potential N-glycosylation sites) of the plant pathogen Cuscuta reflexa (Hegenauer et al., 2016, 2020). Ethylene production was found to be highly variable in leaf samples of all genotypes, without clear differences (Figure 7B). Moreover, when chemically released from ACC of harvested fruits, the amounts correlated with the degree of fruit ripening (Figure 7C). Together, these findings pointed to a subtle interference of altered N-glycan modification with hormone crosstalk/signaling during fruit ripening in the RNAi lines.

To shed more light on altered hormone responses, we chose pedicels as investigation object. With respect to the observed early fruit drop in GNTI-RNAi lines, tissue around the az of green (G), yellow (Y), orange (O), and red (R) fruits (Figure 8 and Supplementary Figure S3) was used for semiquantitative RT-PCR analyses. Harvested parts are shown for green and mature red fruit-bearing plants of wild-type, GNTI-RNAi, and MANII-RNAi lines without visible changes in the pedicel (Figure 8A) but obvious differences in the attached fruits. Those of the GNTI-RNAi line exhibited the patchy ripening phenotype linked with necrotic signs in the region where the stalk was attached and in partly brown regions around the seeds. The MANII-RNAi line developed completely red fruits (Supplementary Figure S3). Semiquantitative RT-PCR analyses were conducted for several target genes with focus on auxin-responsiveness. Marker genes for either ripening or abscission were also included. Compared to two housekeeping genes (ELF1a and TUB4), known auxin-response and az-marker genes were found to be deregulated in the RNAi lines. Tomato ARR15 (Arabidopsis thaliana response regulator type A), induced by auxin-negatively regulating cytokinin (Leibfried et al., 2005; To et al., 2007; Müller and Sheen, 2008) accumulates during fruit ripening in the az of wild-type, declined in the GNTI-RNAi lines and remained at elevated levels in MANII-RNAi lines. H+ ATPase (LHA4; Mito et al., 1996) was more prominently expressed in the early ripening stages of both RNAi lines, whereas GH3.2 (group II IAA-amido synthetase) that is auxin- and ethylene-responsive (Sravankumar et al., 2018) showed a peak in the az of yellow MANII-RNAi fruits and seemed to be more present in red fruits of GNTI-RNAi lines compared to those of wild-type. AUX/IAA repressor IAA9, shown to decrease in az upon flower removal (Meir et al., 2010), decreased in GNTI-RNAi (stages Y and O) but showed high expression in MANII-RNAi, similarly to wild-type. IAA9 and, to a higher extent, IAA17 are both induced by auxin and repressed by ethylene (Audran-Delalande et al., 2012). In wild-type, IAA17 was expressed during all ripening stages, but only detected in the az of green fruits for GNTI-RNAi, and in those of both green and red fruits of MANII-RNAi plants. Az markers TAPG2 and TAPG4 (two tomato abscission-related polygalacturonases; Meir et al., 2010; Reichardt et al., 2020) were clearly elevated in GNTI-RNAi plants (especially TAPG2 in the az of red fruits), with deregulation in MANII-RNAi (high in the az of yellow fruit pedicels). Auxin-response factors (ARFs) ARF2a (ethylene-responsive) and ARF2b (auxin-responsive) are important during Micro-Tom fruit ripening (Hao et al., 2015). Differential expression in the RNAi lines was detected for ARF2a with highest levels in red fruit pedicels of the wild-type, yellow ones in GNTI-RNAi, and a mixture of both in MANII-RNAi. Ripening-related marker ERT10 (Meir et al., 2010; Reichardt et al., 2020) was elevated in the az of GNTI-RNAi and deregulated in those of MANII-RNAi plants (inverse to wild-type in the az of green fruit pedicels).
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FIGURE 8. Marker gene expression in wild-type, GNTI-RNAi, and MANII-RNAi fruit pedicels. (A) Close-up view of pedicels attached to green (top) or red (ripe) fruits of Micro-Tom wild-type (wt), GNTI-RNAi (#20), and MANII-RNAi (#18). Parts ca. 3 mm to both sides of the abscission zone (az) were used for RNA isolation. Longitudinally cut open pedicels of red fruits are shown below. Fruits were attached to the left. Bars = 2 mm. (B) Semiquantitative RT-PCR of abscission zones of GNTI-RNAi (#20) and MANII-RNAi (mix of #11 and #18) with green (G), yellow (Y), orange (O), or red (R) fruits was performed with two housekeeping genes as reference: ELF1a, translation elongation factor; TUB4, tubulin 4 (top). Marker genes were chosen based on known responses to auxin/ethylene and expression during certain developmental stages (abscission, fruit ripening). ARR15, Arabidopsis response regulator type A, auxin-responsive-negatively regulating cytokinin; ATPase (H+), auxin/sugar-responsive; GH3.2, IAA-amido synthetase, auxin- and ethylene-responsive; IAA9/17, AUX/IAA transcription factors: IAA9, auxin-responsive, ethylene-repressed; important for leaf morphology/fruit set; IAA17, auxin-responsive, ethylene-repressed; TAPG2/4, tomato abscission-related polygalacturonases; ARF2a/b, auxin response factors important for tomato fruit ripening (auxin versus ethylene); ERT10, tomato ripening-related marker.




Glycoprotein Turnover in N. benthamiana Wild-Type Versus GNTI-RNAi and MANII-RNAi Plants

To address the possibility that secreted glycoproteins with altered N-glycan structures may be less stable in the RNAi plants, N. benthamiana (suitable for agroinfiltration) was stably transformed with GNTI-RNAi or MANII-RNAi constructs (Supplementary Figure S1A). Reduced cgly patterns were confirmed by immunoblotting in the T1 and T2 generation (not shown). To prevent KOR1 cycling between the plasma membrane and trans-Golgi network (Nagashima et al., 2020), a binary KOR1-GFP construct with masked C-terminus was cloned (Supplementary Figure S9A) and detected at the cell surface of transfected protoplasts (Supplementary Figure S9B), similar to GFP-KOR1 (von Schaewen et al., 2015). Immunoblot analysis of agroinfiltrated N. benthamiana wild-type leaves (Supplementary Figure S9C) showed similar expression for KOR1-GFP next to GFP-KOR1 (Rips et al., 2014).

Nicotiana benthamiana wild-type plants in the greenhouse, cultivated together with GNTI- and MANII-RNAi lines (T3, Figure 9A), showed reduced cgly patterns (Figure 9B). KOR1-GFP was agroinfiltrated into leaves of the wild-type, GNTI-RNAi, and MANII-RNAi plants. When KOR1-GFP signals were detected at the plasma membrane of all genotypes (Figure 9C), leaves were infiltrated with water (mock) or tunicamycin (10 μM, to abrogate N-glycosylation and prevent further secretion) and harvested over the following hours. Immunoblot analyses with anti-GFP antiserum (α-GFP) indicated that KOR1 may be slightly less stable in the RNAi plants compared to wild-type (Figure 9D). This was deduced from persistence of the top bands versus the newly emerging bottom bands over time and most evident 1–2 h after tunicamycin infiltration.


[image: image]

FIGURE 9. Analysis of glycoprotein stability in N. benthamiana GNTI- and MANII-RNAi plants. (A) N. benthamiana wild-type (wt), GNTI-RNAi (#10), and MANII-RNAi (#4) T3 plants prior to agroinfiltration. (B) Immunoblot analysis of indicated leaf extracts (membrane fractions) developed with anti-complex glycan antiserum (α-cgly = α-PHA-L). The Ponceau S-stained blot (protein) is shown as the loading reference. Apparent molecular masses are indicated in kDa (PageRuler Prestained Protein Ladder, Fermentas). (C) Confocal laser scanning microscopy (CLSM) images of KOR1-GFP expression in N. benthamiana wild-type and the indicated RNAi lines. Merging of GFP (green) and chlorophyll autofluorescence (blue) with bright field. Bars = 10 μM. (D) Immunoblot analysis of leaf extracts (membrane fractions) upon agroinfiltration and development with anti-GFP antiserum (α-GFP). Tunicamycin (Tunica, 10 μM) treatment results in the accumulation of non-glycosylated KOR1-GFP (band shift). The fading top bands indicate decay due to protein turnover. 19K, co-expressed Agrobacterium silencing suppressor strain (negative control). The Ponceau S-stained blots are shown as the protein loading reference. Molecular masses are indicated in kDa (PageRuler Prestained Protein Ladder, Fermentas).





DISCUSSION

Here, we compared RNAi suppression of two consecutive glycosyltransferases in the Golgi apparatus of tomato that either prevent (GNTI-RNAi) or alter (MANII-RNAi) complex N-glycan formation on secretory glycoproteins. Compared to GNTI-RNAi (resulting in signs of premature senescence, early fruit drop, and patchy fruit ripening), MANII-RNAi silencing was far better tolerated in tomato, which is likely due to the hybrid nature of the accumulating N-glycans. Nevertheless, MANII-RNAi fruit extracts showed reduced recognition by cgly-specific antibodies (similar to GNTI-RNAi), which independently confirmed shielding of core fucoses (by branched mannoses on the 1,6-arm) and an altered position of the xylose residue, as described for the corresponding Arabidopsis mutants (Kaulfürst-Soboll et al., 2011b). Subtle phenotypic differences were also observed for the Micro-Tom MANII-RNAi plants: first of all, more vigorous growth, visible as thicker stems and broader leaves—sometimes with less complex shape that rolled up their rims during the ripening stage (Figure 1 and Supplementary Figure S3). The latter is reminiscent of tomato dr12 lines with defective ARF, whose mRNA accumulation is ethylene-dependent (highest in early red fruits) but also important for seed development and seedling growth. Mutant dr12 plants showed upwardly curled leaves (Jones et al., 2002). Furthermore, the pectin fine structure and tissue architecture were altered (Guillon et al., 2008), which may also be affected in the RNAi plants. Interestingly, a blotchy fruit phenotype was also observed for isopentenyltransferase IPT-transformed tomato lines with enhanced cytokinin levels (Martineau et al., 1994; reviewed in Srivastava and Handa, 2005), which may hint at a link to cytokinin, as reported for rice gntI mutants (Fanata et al., 2013). Of note, severe ripening defects with yellow and orange patches (never reaching the typical red color of wild-type fruits, similar to GNTI-RNAi) were also observed for Micro-Tom ARF2ab-RNAi lines that are compromised in normal climacteric fruit ripening (auxin versus ethylene; Hao et al., 2015). Clearly, flowers of MANII-RNAi plants were bigger and produced fleshier fruits (Supplementary Figure S3) with matte appearance that showed earlier water loss than detached wild-type fruits (Figure 1). Here, one could speculate that the latter reflects altered cuticular wax precursor synthesis/transport that involves the ER and Golgi (reviewed in Trivedi et al., 2019). Moreover, MANII-RNAi fruits contained fewer, but larger, seeds. As observed during back-crossing, both male and female fertility was compromised, resulting in fruits with less or no seeds in several independent lines. Seedlessness is an attribute of parthenocarpy that develops when male or female gametophytic plant fertility is impaired. This is often accompanied by an untimely increase of auxins and gibberellins in the ovaries (Nitsch, 1970; George et al., 1984; Mazzucato et al., 1998), e.g., in tomato pat mutants that show accelerated ripening and higher fruit quality, but produce no seeds due to aberrant anther and ovule development (Mazzucato et al., 1998). Of note, parthenocarpy can be induced by application of auxin and gibberellin (Pandolfini, 2009) and was achieved in Micro-Tom by ectopic expression of genes for auxin synthesis or auxin responsiveness (Martinelli et al., 2009). Moreover, when red fruits of the tomato variety Ailsa Craig were Agrobacterium-infiltrated with the GNTI-RNAi construct, fruits dropped within a few days, but those infiltrated with the MANII-RNAi construct remained on the plant until harvested after 1–2 weeks (not shown). Thus, the observed phenotypes seem not to be cultivar-specific nor the result of a specific integration site within the genome.

The largely opposing fruit phenotypes of GNTI- and MANII-RNAi tomato plants suggest that auxin versus ethylene signaling/readout, most important during the last fruit ripening stages in tomato (Srivastava and Handa, 2005), might be affected. Indeed, fruit treatments using either ethephon or IAA point in this direction, whereas the measurement of hormone contents in leaves of Micro-Tom wild-type versus the RNAi lines showed only minor differences—except for JA that was absent from the RNAi lines. The latter may be a side effect of the slightly elevated SA levels detected in the GNTI-RNAi lines.

Failure to provoke differential ethylene release from leaves by various stress treatments further corroborated a specific role for complex-type N-glycans during tomato fruit ripening. In this context, it is interesting that tomato ACC-synthase2 tilling mutants, either overproducing (acs2-1) or underproducing (acs2-2) ethylene, showed opposite phenotypes (Sharma et al., 2020). Similar to the GNTI-RNAi lines, acs2-1 overproducers displayed faster leaf senescence (besides accelerated fruit ripening), but acs2-2 underproducers slower leaf senescence (besides prolonged fruit ripening), partially reminiscent of the MANII-RNAi lines. Since fruit ACC contents correlated with the ripening state in all genotypes, the underlying mechanism likely acts upstream.

Subtle differences of hormone crosstalk in the Micro-Tom RNAi lines became evident when pedicel tissue around the az was used for semiquantitative RT-PCR analyses. Auxin-responsive genes were differentially regulated in GNTI-RNAi and MANII-RNAi versus wild-type. Especially the decline of tomato ARR15 (an auxin-response regulator that negatively regulates cytokinin responses) in GNTI-RNAi, and its elevated expression in MANII-RNAi, correlates with the observed early fruit drop in GNTI-RNAi, which suggests a less or higher suppression of cytokinin-responsive genes, respectively. The low abundance of IAA9 and IAA17 mRNA expression (auxin-induced, ethylene-repressed) in the GNTI-RNAi lines is indicative of elevated ethylene levels, likely induced by too much auxin/signaling (Abeles and Rubinstein, 1964). In MANII-RNAi, az of the orange ripening stage showed low amounts of IAA17 transcript compared to wild-type, but similar levels in the red stage, hinting at less ethylene in ripe fruits of MANII-RNAi compared to GNTI-RNAi. This is in accordance with the higher transcript levels of the auxin-conjugating enzyme GH3.2 in the red fruit stage of GNTI-RNAi, whereas in MANII-RNAi, only a temporary increase was observed for the yellow stage.

Compared to wild-type, abscission markers TAPG2 and TAPG4 were both elevated in GNTI-RNAi (especially TAPG2) but seemed deregulated in MANII-RNAi. Moreover, ARF2a and ARF2b act as repressors of auxin-responsive genes in tomato, but only ARF2a is induced by ethylene (Hao et al., 2015). Interestingly, the az of both GNTI- and MANII-RNAi pedicels showed elevated ARF2a levels during the early ripening stages, hinting at elevated ethylene/readout. However, ripening marker ERT10 was much higher expressed in GNTI-RNAi and inversely regulated in MANII-RNAi (highest in the az of green fruits, i.e., opposite to wild-type). Thus, alterations in auxin signaling (as indicated by the DII Venus sensor in the roots of Arabidopsis cgly mutant seedlings; Frank et al., 2021) would best explain the observed phenotypic deviations, which should be linked to the different N-glycan structures.

Early investigations by Handa et al. (1985) deduced a possible effect of N-glycans on hormone crosstalk from experiments, in which abrogation of N-glycosylation by tunicamycin treatment interfered with fruit ripening. Later, application of free Man5GlcNAc was shown to prevent the inhibitory effect of tunicamycin, suggesting an involvement of released N-glycans (Yunovitz and Gross, 1994b). Indeed, experiments with unbound N-glycans had concentration-dependent stimulatory or inhibitory effects on tomato fruit ripening (Yunovitz and Gross, 1994a, b; Yunovitz et al., 1996). Of note, M3XF [Man3(Xyl) GlcNAc (Fuc)GlcNAc], characteristic for complex N-glycans in wild-type (regardless of the presence or absence of terminal GlcNAc residues), and Man5GlcNAc (M5), representing the N-glycan structure of GNTI-RNAi plants, were equally able to promote fruit ripening and senescence at elevated concentrations. Especially, M5 was found to have an inhibitory effect (Napier and Venis, 1991; Yunovitz and Gross, 1994a). Based on these criteria, N-glycans of the studied RNAi lines differ only by the absence (GNTI-RNAi) or presence (MANII-RNAi) of core fucose and xylose residues.

Another aspect is the ability of plant cells to enzymatically release sugar moieties or entire N-glycans in post-Golgi acidic compartments. ENGase and peptide:N-glycanase (PNG1 in Arabidopsis; Diepold et al., 2007) are confined to the cytosol, where they aid in the clearance of misfolded glycoproteins upon retro-translocation from the ER. To date, it is not clear whether and how these activities might also contribute to tomato fruit ripening (Nakamura et al., 2008; Maeda and Kimura, 2014). However, two aPNGase isoforms (Uemura et al., 2018) that are similar to PNGase A from almond, which can release core fucosylated N-glycans (Hossain et al., 2010), are probably located in acidic compartments of tomato fruits (apoplast/vacuole). Thus, they may release both complex-type (with core fucose) and high mannose-type N-glycans from secreted glycoproteins (Figure 10). We speculate that those released in wild-type and MANII-RNAi plants would carry core fucoses, whereas those of GNTI-RNAi plants may look “dangerous,” due to their accessible GlcNAc2 chitobiose part, which resembles the pathogen-associated molecular pattern PAMP chitin.
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FIGURE 10. Model of differential N-glycan interpretation in the RNAi lines. Protein-bound N-glycans of wild-type (wt), GNTI-RNAi, or MANII-RNAi plants (left) may be either directly bound or liberated depending on capability for enzymatic release. Decoding is suspected to occur by proteins with lectin domains (for sugar symbols, see Figure 3A). Arrows indicate cleavage by peptide:N-glycosidase (PNGase A isoforms in different acidic compartments that may release core fucosylated N-glycans) or in the cytosol by endo-β-N-acetyl-glucosaminidase (ENGase). In GNTI-RNAi plants, the chito-oligosaccharide N-glycan core may be decoded upon release from the glycoprotein backbone, potentially resulting in HR (hypersensitive response). Abbreviations: ConA, concanavalin A; HEXO, hexosaminidases (apoplast/vacuole); WGA, wheat-germ agglutinin.


Prior to cleavage by hexosaminidases (HEXO), present in the apoplast and vacuole, wild-type N-glycans carry two terminal GlcNAc residues (with or without Lewis-a epitopes). Those of MANII-RNAi plants may only display one (on the 1,3-arm); GNTI-RNAi plants, none. This, and the presence of terminal mannoses on the 1,6-arm, is probably decoded by lectins (or proteins with lectin domains) that bind to terminal GlcNAc (WGA-type), mannose (ConA-type), or chitobiose units (GlcNAc2 without core fucose). Hence, immediately upon secretion, glycoproteins of the wild-type look “young”; those of MANII-RNAi, “intermediate”; and those of GNTI-RNAi plants, “old” (as if HEXO already clipped the terminal GlcNAc residues). This might determine their clearance rate from the plasma membrane/apoplast by endocytosis and explain why KOR1-GFP turnover was slightly accelerated in the N. benthamiana RNAi plants. Besides, also presence (in wild-type), absence (in GNTI-RNAi), or shielding of core fucoses (in MANII-RNAi) may alter signaling from the plasma membrane. One example is the transforming growth factor (TGF)-beta receptor of mammalian cells for which lack of core fucose caused aberrant lung development in mice (Wang H. et al., 2005; Wang X. et al., 2005). Possibly this is also the case in plants; however, not much is known about the role of core fucose yet in this emerging field of research (reviewed in Bellande et al., 2017; Van Holle and Van Damme, 2018).

Apparently, phytohormone signaling can be influenced by released N-glycans (for review, see Maeda and Kimura, 2014; Lannoo and van Damme, 2015). Since free N-glycans were also found in the xylem sap of tomato stems (Faugeron et al., 1999; Tsujimori et al., 2019), even systemic signaling throughout the entire plant is conceivable. We believe that a different capacity to release N-glycans in the GNTI-RNAi versus the MANII-RNAi lines could be linked to their opposite phenotypes in tomato. Accessibility of the chitobiose part in the GNTI-RNAi lines may additionally modulate growth and developmental readouts, especially concerning apoplastic lectins or receptor-like kinases with a lectin domain (LecRLKs; Bellande et al., 2017; Sun et al., 2020). In case of the terminal N-glycan parts, lectins with GlcNAc- or mannose-specific domains (WGA- or ConA-type, respectively; Figure 10) may compete for binding in MANII-RNAi plants—due to the hybrid N-glycan structure with one branched mannose arm—shared with GNTI-RNAi, and thus differ from wild-type.

Compared to wild-type, the phenotypes observed in MANII-RNAi Micro-Tom plants, showing increased ectopic growth and delayed senescence, may reflect stimulatory auxin-like effects, while in GNTI-RNAi plants, auxin-like signaling seems to be supra-optimal (“over the top”). Too much auxin, and maybe also auxin-like effects, influences ethylene signaling, as deduced from our RT-PCR results. Together with additional defense signaling in the GNTI-RNAi lines, this may be responsible for the observed cell death/necrosis. The latter is known to be spontaneously triggered in plant autoimmune responses that may be elicited via chitin elicitor receptor kinase CERK1 after pathogen attack (reviewed in van Wersch et al., 2016; Chakraborty et al., 2018). But also independent of a chitin-signaling cascade, other possibilities of chitobiose perception exist in the plant apoplast (Vanholme et al., 2014).

Concerning performance in the field, independent of the hormonal aspects, higher susceptibility of GNTI-RNAi plants to bacterial infection (observed in the greenhouse; for a recent review on glycan-based plant-microbe interactions see Wanke et al., 2021) may relate to the fact that bacterial chitinases can liberate N-glycans for nutritional purposes (Frederiksen et al., 2013). Here, it remains to be investigated whether lack of core fucose in GNTI-RNAi plants may render them an “easier” food source.



CONCLUSION AND OUTLOOK

Several attempts in the field of glyco-engineering have been made concerning the reduction of unwanted side effects of plant-derived glycoproteins. Although promising, not all seem to be compatible with normal plant growth and development. In this and earlier work (Kaulfürst-Soboll et al., 2011a), we show that not all findings obtained with Arabidopsis (a genetic model organism) can be transferred to crops. For example, salt-stress assays of the tomato RNAi lines did not reflect the results previously obtained with the corresponding Arabidopsis cgly mutants. To the contrary, MANII-RNAi seedlings showed longer root growth on salt perhaps due to their enlarged seeds (with more storage reserves), while GNTI-RNAi seedlings performed equally to wild-type. The phenotypes observed in tomato during fleshy fruit development stress the relevance of complex N-glycan structures for/during hormonal crosstalk, most likely interfering with auxin, also in Arabidopsis roots (Frank et al., 2021). In light of our results, the previously reported cytokinin hyposensitivity of the rice gntI T-DNA mutant (Fanata et al., 2013) may also be caused by auxin-like effects. This matches the more recent finding that core fucose is important for basipetal auxin transport and gravitropic responses in rice (Harmoko et al., 2016). For clearer results, clustered regularly interspaced short palindromic repeats/caspase 9 (CRISPR/Cas9) lines should be generated and studied. Whether tomato fruits of GNTI-CRISPR plants will ripen at all, and MANII-CRISPR plants will still be able to reproduce, remains to be shown.
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N-glycosylation is a highly abundant protein modification present in all domains of life. Terminal sugar residues on complex-type N-glycans mediate various crucial biological processes in mammals such as cell-cell recognition or protein-ligand interactions. In plants, the Lewis A trisaccharide constitutes the only known outer-chain elongation of complex N-glycans. Lewis A containing complex N-glycans appear evolutionary conserved, having been identified in all plant species analyzed so far. Despite their ubiquitous occurrence, the biological function of this complex N-glycan modification is currently unknown. Here, we report the identification of Lewis A bearing glycoproteins from three different plant species: Arabidopsis thaliana, Nicotiana benthamiana, and Oryza sativa. Affinity purification via the JIM84 antibody, directed against Lewis A structures on complex plant N-glycans, was used to enrich Lewis A bearing glycoproteins, which were subsequently identified via nano-LC-MS. Selected identified proteins were recombinantly expressed and the presence of Lewis A confirmed via immunoblotting and site-specific N-glycan analysis. While the proteins identified in O. sativa are associated with diverse functions, proteins from A. thaliana and N. benthamiana are mainly involved in cell wall biosynthesis. However, a Lewis A-deficient mutant line of A. thaliana showed no change in abundance of cell wall constituents such as cellulose or lignin. Furthermore, we investigated the presence of Lewis A structures in selected accessions from the 1001 genome database containing amino acid variations in the enzymes required for Lewis A biosynthesis. Besides one relict line showing no detectable levels of Lewis A, the modification was present in all other tested accessions. The data provided here comprises the so far first attempt at identifying Lewis A bearing glycoproteins across different species and will help to shed more light on the role of Lewis A structures in plants.
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INTRODUCTION

N-glycosylation is an abundant protein modification present in all domains of life. N-glycosylation is initiated by the transfer of a preassembled oligosaccharide to certain asparagine residues of nascent polypeptide chains either co-translationally as they enter the lumen of the endoplasmic reticulum (ER), or post-translationally. The attached oligosaccharide is subsequently processed in the ER and Golgi, resulting in a wide variety of structures which can differ greatly between genera (Wang et al., 2017). The initial steps of N-glycan processing are evolutionarily conserved between plants and animals, i.e., cleavage of three glucoses and one mannose in the ER, and further removal of mannoses and attachment of N-acetylglucosamine (GlcNAc) in the cis-Golgi (Strasser, 2016). Differentiation of N-glycans between plants and animals starts in the medial-Golgi. Common processing steps include the cleavage of two more mannoses and the attachment of a second GlcNAc residue. Plants additionally add a xylose in β1,2-linkage to the N-glycan and a fucose residue is attached in α1,3-linkage to the core GlcNAc. The overall variety of N-glycan structures in plants is limited compared to animals. While animals produce biantennary or further branched N-glycans with additional sugars such as sialic acid, the only known outer chain elongation of complex N-glycans are Lewis A structures (Fitchette-Lainé et al., 1997). This trisaccharide consists of terminal GlcNAc, to which β1,3-galactose and α1,4-fucose are attached [Fucα1,4(Galβ1,3)GlcNAc-R]. The biosynthesis of Lewis A takes place in the trans-Golgi and is a sequential process, in which first the β1,3-galactosyltransferase (GALT1) attaches a galactose residue (Strasser et al., 2007) and afterwards the α1,4-fucosyltransferase (FUT13) attaches a fucose (Wilson, 2001, Léonard et al., 2002). In the model plant A. thaliana, Lewis A bearing complex N-glycans show organ-specific expression, being absent in leaves but present in stems and siliques. However, also in these plant organs they constitute only a minor fraction of the total N-glycan content (Strasser et al., 2007) indicating that only few proteins are modified with this trisaccharide. Overall, this modification appears to be evolutionarily conserved, having been identified in mosses such as Physcomitrella patens (Koprivova et al., 2003), a wide variety of foodstuff (Wilson et al., 2001, Okada et al., 2017), and on diverse water plants (Maeda et al., 2016). Despite its widespread occurrence, the biological role of Lewis A structures has not been identified. Lewis A-deficient plants of A. thaliana lack an obvious phenotype (Strasser et al., 2007; Strasser, 2016) and, so far, the knowledge about proteins bearing Lewis A is rather scarce. Two publications investigating the glycoproteome of Arabidopsis inflorescence stems (Zhang et al., 2011; Zeng et al., 2018) have identified in total four proteins decorated with Lewis A structures. Yet a study dedicated to the isolation of Lewis A bearing glycoproteins has not been published. Here, we describe the identification of glycoproteins modified with Lewis A structures from three different plant species and show that Lewis A structures represent an evolutionarily conserved modification in natural accessions of A. thaliana.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Seeds of ecotypes and mutants of A. thaliana were sterilized in 4% (v/v) NaOCl solution prior to being sown to half-strength Murashige-Skoog (MS) plates containing 1% (v/w) sucrose and 0.8% (w/v) agar. Plants were grown under long-day conditions (16 h light/ 8 h dark) at 22°C and transferred to soil 7 days after sowing. The galt1 fut13 double knockout mutant was obtained by crossing previously described lines galt1 (N871760) and fut13 (N567444) (Strasser et al., 2007). Except Col-0, all described ecotypes were ordered from the Nottingham Arabidopsis Stock Centre (NASC). Wild-type and ΔXT/FT N. benthamiana plants (Strasser et al., 2008) were grown at 24°C at 16 h light/8 h dark for 5 weeks. Shoots of Oryza sativa japonica cv Nipponbare were grown for 10 days as described (Lambin et al., 2020).



Isolation of Lewis A Bearing Glycoproteins

For isolation of Lewis A bearing glycoproteins, leaves and stems of 5-week-old N. benthamiana, stems and siliques of 6- and 8-week-old A. thaliana Col-0 plants, respectively, and shoots of 10-day-old O. sativa plants were used. Plant material was snap-frozen, grinded, and total proteins extracted using Radio-Immunoprecipitation assay (RIPA) buffer [50 mM Tris pH 8, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 0.1% (v/v) sodium dodecyl sulfate (SDS)]. To isolate Lewis A bearing glycoproteins, we used the Lewis A-specific JIM84 antibody (Horsley et al., 1993; Fitchette et al., 1999). To capture the IgM antibody, biotinylated anti-rat IgM antibody (Sigma-Aldrich) was incubated with streptavidin-agarose beads (Sigma-Aldrich) in the presence of RIPA dilution buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA). After binding of anti-rat IgM antibody to the resin, it was washed and incubated with JIM84 antibody. The resin with the two bound antibodies was then mixed with the total protein extracts. After incubation, the resin was washed three times with RIPA dilution buffer and transferred to a Micro Bio-Spin column (Bio-Rad). Bound proteins were subjected to an on-bead digest (Chrestensen et al., 2004) with slight modifications. Briefly, 10 mM dithiothreitol (DTT) in 100 mM NH4HCO3 buffer was pipetted to the agarose beads and incubated at 60°C for 15 min. 18 mM iodoacetamide in 100 mM NH4HCO3-buffer was added for alkylation and incubated for 30 min in the dark. Afterwards, trypsin was added (Sequencing Grade modified trypsin, Promega) to a final concentration of 3.5 ng/μL, incubated overnight at 37°C and peptide fragments were isolated on the next day via centrifugation. The supernatant was subjected to a final clean-up step using a C18 Hypersep cartridge (Thermo Fisher Scientific). The cartridge was washed three times with 65% (v/v) acetonitrile in 80 mM ammonium formate buffer pH 3, equilibrated in the same buffer and loaded with the eluted peptides in 100 mM NH4HCO3 buffer pH 7.8. After washing three times, peptides were eluted with 65% acetonitrile in pH 3 buffer and vacuum dried.



Identification of Lewis A Bearing Glycoproteins by Mass Spectrometry

Analysis of isolated Lewis A bearing glycoproteins was conducted using nano-LC-ESI-MS as previously described (Zámocký et al., 2020). In short, the peptide fragments were analyzed using a Dionex Ultimate 3000 system interfaced to a maXis 4G ETD QTOF system (Bruker). A Thermo Acclaim PepMap precolumn was coupled to a Thermo Acclaim PepMap 300 RSLC C18 separation column (2 μm particle size, 150 x 0.075 mm) for separation of peptides, running a gradient of 95% solvent A to 32% solvent B over the course of 60 min (solvent A: 0.1% formic acid in HQ-water, solvent B: 0.1% formic acid in acetonitrile), followed by a gradient from 32 to 70% solvent B for 10 min at 0.3 μL/min flow rate. CaptiveSpray nano Booster was used as ion source in positive ion mode. MS spectra were recorded in a range of 150–2200 m/z, and the six highest peaks selected for fragmentation in data dependent acquisition mode. For identification of proteins, the analysis files were converted to XML using Data Analysis 4.0 (Bruker) to allow MS/MS ion searches using MASCOT (embedded in Protein Scape 3.0, Bruker). For protein searches from N. benthamiana, a recently published database was used (Schiavinato et al., 2019). For Arabidopsis, the UniProt non-redundant A. thaliana database and for rice the non-redundant UniProt O. sativa japonica database were used. Proteins identified by at least two peptides and a protein score higher than 80 were accepted. For comparing the MS/MS data to the target sequence via X! Tandem (https://thegpm.org/TANDEM/), the following settings were used: reversed sequences no; check parent ions for charges 1, 2, and 3 yes; models found with peptide log e lower −1 and proteins log e lower −1; residue modifications: oxidation M, W, and deamidation N, Q; isotope error was considered; fragment type was set to monoisotopic; refinement was used with standard parameters; fragment mass error of 0.1 Da and ±7 ppm parent mass error; fragment types b and y ions; maximum parent ion charge of three; missed cleavage sites allowed was set to two; semi-cleavage yes.



Vector Construction

For expression of identified proteins in A. thaliana as well as in leaves of N. benthamiana, a modified version of the binary vector pPT2 (Strasser et al., 2005) was used. For expression of KORRIGAN in leaves of N. benthamiana, p29-Fc-KOR1 was used (Liebminger et al., 2013). For expression of COBL4, the coding sequence without endogenous signal peptide (bases 1-60) was amplified from cDNA of A. thaliana using primers At5g15630_1F (5′-TATATCTAGATATGATCCATTAGATCCTAGTGGTA-3′) and At5g15630_2R (5′-TATAAGATCTTCACCATATTGAGATGAATAGGAGA-3′), digested with XbaI/BglII and ligated into XbaI/BamHI-digested p117 (Shin et al., 2018). g6145 was amplified without the sequence encoding the signal peptide (bases 1–72) from cDNA of N. benthamiana using primers g6145_F1 (5′-TATATCTAGAGGAGATCCATTTAAGTTTTTTAACTT-3′) and g6145_R2(5′-TATAGGATCCCTAATAGAACACAGAAAAGATTGCA-3′), digested with XbaI/BamHI and ligated into XbaI/BamHI-digested p117. For expression of CEBIP, a codon-optimized version for N. benthamiana lacking the endogenous signal peptide coding sequence (bases 1–84) was ordered from GeneArt (Thermo Fisher Scientific). The DNA sequence was amplified using primers STRINGS_9F (5′-CTTCCGGCTCGTTTGTCTAGA-3′) and STRINGS_2R (5′-AAAAACCCTGGCGGGATCC-3′), digested with XbaI/BamHI and ligated into XbaI/BamHI-digested p117.



Recombinant Expression and Purification of Glycoproteins

For recombinant expression of identified proteins in N. benthamiana, syringe-mediated leaf infiltration of 5-week-old plants was used. Agrobacterium tumefaciens strain UIA143 (Strasser et al., 2005) carrying the respective plasmid for expression was grown over night at 29°C and adjusted to an OD600 of 0.15 on the next day in infiltration buffer (28 mM glucose, 50 mM 2-(4-morpholino)-ethanesulphonic acid (MES), 2 mM Na3PO4.12H2O, 0.1 mM acetosyringone). p29-Fc-KOR1 was additionally co-infiltrated with silencing suppressor p19 (Garabagi et al., 2012) at an OD600 of 0.1. Leaf material was collected 2 days post infiltration (dpi) and snap-frozen. For stable expression in A. thaliana, plants were transformed using the floral dip method (Clough and Bent, 1998). Stems of homozygous plants were collected ~5 weeks after sowing. Plant material was disrupted mechanically, and total proteins extracted using RIPA buffer. Recombinantly produced glycoproteins were purified via their fused tags, either GFP for KORRIGAN (GFP-Trap agarose, Chromotek) or mRFP for the other constructs (RFP-Trap agarose, Chromotek). After capture, proteins were eluted in 1.5x Laemmli buffer.



Deglycosylation and Immunoblotting

Purified proteins from N. benthamiana and Arabidopsis Col-0 plants were subjected to deglycosylation with Endoglycosidase H (Endo H, New England Biolabs) according to the manufacturer's instructions. For deglycosylation experiments with Peptide-N-glycosidase F (PNGaseF, New England Biolabs), proteins purified from ΔXT/FT-N. benthamiana (Strasser et al., 2008) and A. thaliana fut11 fut12 (Strasser et al., 2004) were used. For immunoblotting, purified glycoproteins were separated on a 10% (v/v) polyacrylamide gel and transferred to a nitrocellulose membrane. Primary antibodies against GFP and RFP (both purchased from Chromotek) were diluted (1:2000) in PBS + 0.1% (v/v) Tween (PBST) + 1,5% (w/v) BSA, as secondary antibody anti-mouse IgG (Sigma-Aldrich) diluted (1:10.000) in PBST + 1% BSA was used. JIM84 was diluted (1:400) in PBST and anti-rat IgM antibody (Sigma-Aldrich) was used as secondary antibody. Detection via ECL substrate (Super Signal West PICO Plus Chemiluminescent substrate, Thermo Fisher Scientific) was monitored on a Fusion instrument (Vilber).



Site Specific N-glycan Analysis via Mass Spectrometry

For site-specific N-glycan analysis, purified proteins from wild-type N. benthamiana and A. thaliana Col-0 were separated on a 10% polyacrylamide gel via SDS-PAGE, stained with Coomassie Brilliant Blue and excised from the gel. An in-gel digest was conducted as previously described (Kolarich and Altmann, 2000) with the exception, that a double-digest of trypsin and chymotrypsin was used for proteolysis.



Analysis of Cell Wall Constituents

Cell wall constituents were quantified as previously described (Corneillie et al., 2019) with slight modifications. Stems from fully grown Arabidopsis plants were collected after drying, the bottom-most 2 cm removed, and the next 15 cm used for analysis. Alcohol soluble residues were removed by sequential extraction in H2O (30 min, 98°C), ethanol (30 min, 76°C), chloroform (30 min, 59°C), and acetone (30 min, 54°C). Remaining cell wall residues were weighed, and percentage of full stem weight calculated. For quantification of cellulose, half of the cell wall residue fraction was incubated in trifluoroacetic acid (TFA) for 3 h with shaking in-between to remove hemicellulose. After washing with acetone, the remaining pellet was dried and weighed. Updegraff-reagent (Updegraff, 1969) was added to the pellet and heated for 30 min at 100°C, washed once with H2O and three times with acetone. After air drying overnight, the remaining crystalline cellulose was dissolved in 72% (v/v) sulphuric acid, incubated, H2O added and centrifuged. The supernatant was diluted 1:10, mixed with anthrone reagent in sulphuric acid in a 96 well plate, heated to 80°C for 30 min and subsequently absorption was measured at 595 nm using a plate reader (Tecan, Infinite 200 Pro). Cellulose content in the samples was calculated based on a glucose–standard curve and percentage of cellulose per cell wall residues calculated. For determination of lignin, the second half of the cell wall residue pellet was mixed with 25% (v/v) acetyl-bromide solution in acetic acid, heated for 3 h at 50°C and centrifuged. The supernatant was diluted 1:20 in a solution containing 0.4 M NaOH and 18.75 mM hydroxylamine hydrochloride in acetic acid and absorption measured at 280 nm (Nanodrop, Thermo Fisher Scientific). Lignin content was then calculated as percentage of cell wall residues.



Root Growth Assays

Measurement of root growth dynamics and root growth under stress conditions was conducted as described (Dubiel et al., 2020). In short, seeds of A. thaliana Col-0 and mutant plants were sterilized, stratified for 3 days, and grown on half-strength MS medium. For analysis of root growth dynamics, root length was measured after 48, 96, 144, 192, and 240 h. For analysis of root growth under stress conditions, seedlings were transferred to either new plates (mock control), plates containing 150 mM NaCl (salt stress) or plates containing 12% (w/v) PEG6000 corresponding to a water potential of −0.5 MPa for simulation of drought stress via the PEG infusion method (Van Der Weele et al., 2000). After 10 days, plates were scanned, number of lateral root hairs counted, and root length measured using Image J (Schindelin et al., 2012).




RESULTS


Identification of Lewis A Bearing Glycoproteins

In this study, we set out to identify glycoproteins harboring the Lewis A trisaccharide on complex N-glycans in various organs of selected plants. To this end, we analyzed total protein extracts from siliques and stems of the dicot model plant A. thaliana, shoots of the monocot O. sativa, and leaves and stems from N. benthamiana, which is frequently used as a production platform for recombinant glycoproteins (Stoger et al., 2014). We isolated Lewis A bearing glycoproteins via the JIM84 antibody (Fitchette et al., 1999), conducted a tryptic digest and subsequently analyzed the resulting peptide fragments via peptide mapping using nano-LC-ESI-MS. To discriminate false positives from actual Lewis A bearing glycoproteins we included a negative control, for which we repeated the same isolation procedure in the absence of the JIM84 antibody. Table 1 lists glycoproteins from A. thaliana and O. sativa that were identified at least twice in three replicates and were not detected in the negative control. We identified 10 proteins from A. thaliana, four of which we detected in both stems and siliques, namely Laccase 4, COBRA-like protein 4 (COBL4), Endoglucanase 25 (also known as KORRIGAN) and Protein trichome-birefringence like 3. All these proteins have numerous potential N-glycosylation sites and a predicted localization in the secretory pathway. Interestingly, many of the identified proteins have a proposed function in secondary cell wall biosynthesis. In addition, we detected Laccase 17, Probable inactive purple-acid-phosphatase and Protein trichome-birefringence-like 33 in siliques as well as O-fucosyltransferase family protein SUB1 in stems of A. thaliana. The list obtained from O. sativa comprises proteins of various functions. We detected two defense related proteins, Chitin elicitor-binding protein (CEBIP) and Germin-like protein 2–4. Furthermore, Dirigent protein, which is involved in biosynthesis of secondary metabolites, Os02g0615800, a receptor kinase, Beta-Ig-H3 domain-containing protein, a cell surface adhesion protein, and Os08g0503200, a glycerophosphodiester phosphodiesterase. In N. benthamiana (Supplementary Table 1) we detected homologs of Endoglucanase 25 as well as a homolog of a COBRA-like extracellular GPI-anchored protein. In addition, we detected homologs of glucosyl hydrolases as well as proteins involved in directional growth and cell expansion such as a mono-copper oxidase-like SKU5 protein (g6145).


Table 1. Lewis A bearing glycoproteins from stems and siliques of A. thaliana Col-0 and shoots of O. sativa japonica.
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The Identified Proteins Are Modified With Lewis A Structures When Recombinantly Expressed

We were not able to detect Lewis A bearing glycopeptides on the isolated peptide fractions from the three plant species. Thus, to confirm the presence of Lewis A bearing N-glycans on the identified proteins, we cloned one selected protein from each species into a binary expression vector and expressed it recombinantly as a fusion with a fluorescent protein in leaves of N. benthamiana, where, in contrast to A. thaliana, Lewis A structures are present (Supplementary Figure 1). After purification, we confirmed the presence of Lewis A both via immunoblotting using the JIM84 antibody and via mass spectrometry using site-specific N-glycan analysis. Figure 1 shows the results of immunoblotting for KORRIGAN from A. thaliana, g6145 from N. benthamiana and CEBIP from O. sativa. A shift is observed upon PNGase F treatment but not upon Endo H treatment, indicating that the majority of N-glycans on these recombinantly expressed glycoproteins are of the complex-type. Furthermore, all proteins show a signal on the JIM84-blot, which is not visible anymore in the PNGase F treated sample indicating that the Lewis A structure is present on N-glycans. Using a combination of trypsin and chymotrypsin for proteolysis, we could detect three peptides with N-glycosylation sites carrying Lewis A on both KORRIGAN and g6145 as well as one site on CEBIP (Figure 2). On all these N-glycosylation sites, Lewis A bearing N-glycans only constitute a minor fraction compared to other structures. We were, however, not able to detect all potential glycopeptides (Supplementary Figure 2), and there might be additional N-glycosylation sites which also carry Lewis A structures.


[image: Figure 1]
FIGURE 1. Lewis A bearing complex N-glycans are present on recombinantly produced plant proteins. KORRIGAN (A), g6145 (B), and CEBIP (C) were transiently expressed in leaves of wild-type and ΔXT/FT plants of N. benthamiana and purified via their fused tag. Expression of proteins was confirmed via immunoblotting using an antibody directed against the fused tag (GFP for KORRIGAN and mRFP for g6145 and CEBIP). Presence of Lewis A was shown using the JIM84 antibody.
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FIGURE 2. Glycopeptides from recombinantly produced plant proteins display complex N-glycans with Lewis A structures. MS spectra of glycopeptides from KORRIGAN (A), g6145 (B), and CEBIP (C). Proteins were recombinantly expressed in leaves of wild-type N. benthamiana, purified via the fused tag and subjected to proteolytic digest using trypsin and chymotrypsin. Nomenclature of N-glycans is according to the ProGlycAn system (http://www.proglycan.com/). Only one N-glycan isoform is indicated. Lewis A bearing glycans are underlined.


Next, we compared the N-glycan microheterogeneity of an identified protein expressed either transiently in leaves of N. benthamiana or stably in stems of A. thaliana. The overall N-glycosylation pattern of COBL4 is very similar between the two plant species. For instance, sites carrying oligomannosidic N-glycans in N. benthamiana also carried the same type of N-glycans in A. thaliana (Supplementary Figures 3, 4). Lewis A structures were more abundant on glycopeptides carrying N-glycosylation sites N154 and N162 in N. benthamiana compared to A. thaliana, where Lewis A glycans were hardly detectable. On the other hand, the glycopeptide with site N306 carried a complex N-glycan with Lewis A structures when expressed in A. thaliana, which were not found on COBL4 glycopeptides derived from N. benthamiana.



Lewis A-deficient A. thaliana Show Normal Stem Morphology and Root Development

Most proteins identified in both stems and siliques of A. thaliana are implicated in biosynthesis of the secondary plant cell wall. We thus hypothesized that plants lacking Lewis A structures on their complex N-glycans might show alterations in stem development or morphology. To test this hypothesis, we made use of a line lacking Lewis A glycans due to T-DNA insertions in genes coding for GALT1 and FUT13 (Supplementary Figure 5). Stems of the galt1 fut13 double mutant developed normally, exhibiting no differences in flowering time, stem length or mass of dried stems when compared to Col-0 wild-type plants (Figure 3). As a control, we included rsw2-1 containing a missense mutation in the gene coding for KORRIGAN (Lane et al., 2001), resulting in a dwarfed phenotype and reduced cellulose content. Additionally, we analyzed the content and composition of fully grown dried stems. We analyzed cell wall residues (CWR) gravimetrically after sequential extraction of alcohol soluble residues. Lignin- and cellulose-levels within the fraction of alcohol insoluble residues were measured photometrically using the acetyl bromide method and the anthrone-assay, respectively. We could not find significant differences between galt1 fut13 and Col-0, indicating that plants develop normal stem morphology in the absence of Lewis A structures.


[image: Figure 3]
FIGURE 3. Phenotypic comparison of wild-type and Lewis A-deficient (galt1 fut13) plants. rsw2-1 plants used as controls. The bottom and top of the boxes represent 25 and 75 percent quartiles, respectively, while the horizontal line inside the box indicates the median. The whiskers indicate 1,5x interquartile range (IQR). Asterisks indicate statistically significant differences to Col-0 plants (*p ≤ 0.05, **p ≤ 0.01). (A) Comparison of flowering time, length of the plants primary stem, and mass of dried primary stems. (B) Content of the primary stems. Cell wall residues (CWR) were determined gravimetrically after sequential removal of alcohol soluble residues. Cellulose and lignin content were determined photometrically as percentage of CWR.


A frequently observed phenotype in A. thaliana lines with mutations along the N-glycosylation pathway are defects in root growth or enhanced susceptibility toward abiotic challenge such as salt stress (Kang et al., 2008; Liebminger et al., 2009). To see whether galt1 fut13 plants showed alterations in root growth we determined root growth dynamics by measuring root length at 2, 4, 6, 8, and 10 days after sowing (Supplementary Figure 6). The galt1 fut13 plants showed no difference compared to Col-0. In addition, we analyzed the plants susceptibility to salt and drought stress (Supplementary Figure 6). Again, we could not detect any difference in the galt1 fut13 line compared to wild-type, indicating normal root development of Lewis A-deficient Arabidopsis plants under abiotic stress conditions.



Functional GALT1 and FUT13 Genes Are Present in Most Natural Accessions of A. thaliana

Despite the lack of an obvious phenotype in Lewis A-deficient A. thaliana plants, taking into account the strong evolutionary conservation of the carbohydrate epitope we reasoned that the ability to synthesize Lewis A structures might still be an advantage for plants and play a yet unknown role for plant fitness. To examine whether there are Arabidopsis accessions containing SNPs, deletions or insertions in the genes coding for FUT13 and GALT1 we searched the 1001 genomes database using the POLYMORPH 1001 tool (https://tools.1001genomes.org/polymorph/). We found only one SNP with a predicted high impact, an alteration in the nucleotide sequence leading to the formation of a premature stop codon in the FUT13 gene. This SNP is present in 55 accessions and results in the expression of a truncated FUT13 protein where the two C-terminal amino acids (“GV”) are missing. Since there is some amino acid sequence variation at the C-terminus of FUT13 from different species we consider it unlikely that the truncation completely abolishes FUT13 function. In addition, polymorphisms were detected in the FUT13 gene which might have an impact on FUT13 activity. As GALT1 catalyzes the rate limiting reaction of Lewis A biosynthesis, we decided to investigate polymorphisms in the GALT1 gene in more detail. We found only one accession, IP-Orb-10, containing a premature stop codon instead of the codon encoding the last amino acid W643. Figure 4 shows the amino acid sequence of GALT1 and highlights amino acids for which we found polymorphisms in the database. Polymorphisms leading to amino acid changes are found in the putative lectin domain and in the GALT1 catalytic domain. We selected different accessions containing amino acid changes in various regions of GALT1 (Supplementary Table 2) and analyzed the presence of Lewis A in total protein extracts from stems and siliques by immunoblotting (Figures 4B,C; Supplementary Figure 7). While most lines including IP-Orb-10 showed similar Lewis A levels as Col-0, some accessions such as Kulturen-1, MNF-Che-2, and MNF-Pin-39 displayed a slightly stronger signal with JIM84, especially in siliques. One line, PYL-6, showed only very low levels of Lewis A in both stems and siliques, and IP-Vim-0 appeared devoid of detectable Lewis A structures in siliques and displayed only a very faint signal in stems. To confirm the absence of Lewis A in IP-Vim-0 we repeated the JIM84 blot and compared the signal to extracts from Lewis A-deficient plants galt1-fut13 and galt1 (Supplementary Figure 8). We observed no JIM84 signal in IP-Vim-0 stems, indicating the absence of Lewis A structures in this line. In PYL-6 and IP-Vim-0 we found that GALT1 and FUT13 transcripts are expressed and we confirmed the polymorphisms in the region coding for the GALT1 catalytic domain in the IP-Vim-0 cDNA by sequencing (Supplementary Figure 9). In contrast to the result for the JIM84 antibody, both accessions show a signal with an antibody directed against N-glycans with β1,2-xylose and core α1,3-fucose (Figures 4B,C) indicating normal processing of oligomannosidic to complex N-glycans. Furthermore, we tested various ecotypes of A. thaliana and were able to detect Lewis A structures in all of them (Supplementary Figure 10). In summary, the data suggest that SNPs occurring in conserved regions of GALT1 are rare exceptions in natural accessions of A. thaliana.
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FIGURE 4. Detection of Lewis A structures in Arabidopsis accessions carrying GALT1 polymorphisms. (A) Protein sequence of GALT1 from Arabidopsis Col-0. The transmembrane domain is shown in gray, the putative galactoside-binding lectin domain in green, and the galactosyltransferase domain in yellow. Additionally, the DXD-motif in the catalytic site is highlighted in light blue and the conserved GxxYxxS as well as the adjacent DxA motif are highlighted in magenta. Underlined amino acids indicate N-glycosylation sequons. Sites depicted in bold show positions of amino acids, for which we could find variations in the 1001 genome database. (B,C) Immunoblot analysis of the indicated Arabidopsis accessions. Total protein extracts from stems and siliques, respectively, were analyzed with antibodies directed against Lewis A bearing (JIM84) and plant N-glycans carrying β1,2-xylose and core α1,3-fucose (anti-HRP).





DISCUSSION

The Lewis A trisaccharide on complex plant N-glycans is an evolutionarily conserved modification throughout the plant kingdom (Fitchette et al., 1999; Wilson et al., 2001; Léonard et al., 2004; Strasser et al., 2007). Here, we report the isolation of 10 proteins from A. thaliana, seven proteins from O. sativa and nine proteins from N. benthamiana modified with Lewis A. The relatively low number of identified Lewis A bearing glycoproteins can have two possible explanations: (1) either only a low number of specific glycoproteins are modified with Lewis A structures or (2) Lewis A structures are present on various glycoproteins in the trans-Golgi, the plasma membrane and the apoplast, but occur in so small quantities that we could identify only the most abundant glycoproteins or the ones carrying complex N-glycans with high amounts of Lewis A, respectively. Based on these possibilities we cannot rule out that we only enriched a certain population of Lewis A bearing glycoproteins using the described purification approach. Overall, the information about Lewis A bearing glycoproteins published in literature is rather scarce. In a recent study investigating N-glycan microheterogeneity in, among others, inflorescence stems of A. thaliana (Zeng et al., 2018), the authors report the detection of biantennary complex N-glycans with Lewis A structures on three glycoproteins, among them Laccase 4 (At2g38080.1), which was also identified in our approach in both Arabidopsis stems and siliques. Furthermore, an uncharacterized potentially GPI-anchored protein (At3g06035) was detected. This protein was also found once in one of our experiments but was not included in our list which contains only proteins detected at least twice in three experiments. The third protein reported by the authors, DUF2921 (At1g52780), was not identified in our experiments. In another publication (Zhang et al., 2011), the authors were able to detect monoantennary Lewis A on one protein, homologous to blue copper binding protein (At4g12880). No data has so far been published about Lewis A-bearing glycans on endogenous proteins from N. benthamiana. However, Lewis A was reported to be present on recombinantly produced glycoproteins such as human erythropoietin (Castilho et al., 2013). In O. sativa, which carries considerable amounts of N-glycans with Lewis A modifications (Léonard et al., 2004), monoantennary Lewis A was detected on nucleotide pyrophosphatase/phosphodiesterases when overexpressed in rice cell culture (Kaneko et al., 2016). These proteins were not identified in our proteomics approach. While the proteins identified in rice show no clear pattern with regard to their proposed functions, the proteins identified in A. thaliana, and to a lesser extent also in N. benthamiana, show a clear bias toward cell wall biosynthesis. However, the Lewis A-deficient galt1 fut13 line showed no differences in respect to mass and length of the primary stem, flowering time or constituents of the secondary cell wall, such as cell wall residues, cellulose, and lignin. Furthermore, Lewis A-deficient plants showed normal root development, also under abiotic stress. This is in agreement with previous reports (Strasser et al., 2007; Rips et al., 2014; Basu et al., 2015) which described the lack of an observable phenotype. Furthermore, Basu and colleagues showed that GALT1 is the only member of the CAZy GT31-family not involved in hydroxyproline O-galactosylation of arabinogalactan-proteins (AGPs). While T-DNA insertion lines of other GALTs showed abnormalities of root hairs, seed coat mucilage, silique morphology or pollen tube development, no such phenotype was reported for GALT1-deficient plants (Basu et al., 2015). Interestingly though, FUT13 and GALT1 appear to be strongly conserved among the natural accessions found in the 1001 genome project. Out of 16 selected lines, only one line, IP-Vim-0, lacks detectable levels of Lewis A containing N-glycans in extracts from stems and siliques. This line has two polymorphisms in the FUT13 gene that alter the FUT13 protein (T294K and 399 instead of 401 amino acids) and may also affect the FUT13 activity. While the truncated FUT13 sequence is found in 55 different accessions, the T294K polymorphism is only found in one other line IP-Vis-0. In the GALT1 gene from IP-Vim-0 four polymorphisms are present that lead to changes of the amino acid sequence. Two of the changes (Q243L and K253N) are also found in Lewis A-positive lines such as MNF-Pin-39 and therefore do not inactivate GALT1. The other two polymorphisms are present in a conserved sequence motif that is present in the catalytic domain of CAZy GT31 family members (Qu et al., 2008; Petit et al., 2020). The conserved GxxYxxS motif (also called motif IV in the GT31 family members) constitutes the C-terminal part of a flexible G-loop. The loop is involved in donor substrate binding and is close to the active site of the enzyme. A DxA motif that is highly conserved in plant GT31 sequences (Qu et al., 2008) is directly following the GxxYxxS motif. While in Col-0 this sequence stretch is GPGYIVSRDIA, it is GPGNIVSRDIE in IP-Vim-0. Both mutations very likely abolish the enzymatic activity of GALT1 and lead to the absence of Lewis A bearing N-glycans in IP-Vim-0. This line has been defined as a relict, meaning high genomic divergence from geographically proximal accessions (Alonso-Blanco et al., 2016) and may represent a rare exception of a plant line with an impaired pathway for the biosynthesis of Lewis A structures on complex N-glycans. Although we cannot rule out that other amino acid substitutions in GALT1 or FUT13 have a similar effect, it seems that the Lewis A trisaccharide structure is still highly conserved in Arabidopsis accessions occurring in different geographical regions. Together with the presence of the modification in all so far analyzed plant species these data hint at the existence of an evolutionary selection pressure to maintain the Lewis A glycan epitope. Despite many efforts, the role of this complex N-glycan modification remains a mystery in plants.
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Plant responses to flooding, submergence and waterlogging are important for adaptation to climate change environments. Therefore, the characterization of the molecular mechanisms activated under hypoxic and anoxic conditions might lead to low oxygen resilient crops. Although in mammalian systems prolyl 4 hydroxylases (P4Hs) are involved in the oxygen sensing pathway, their role in plants under low oxygen has not been extensively investigated. In this report, an Arabidopsis AtP4H3 T-DNA knock out mutant line showed higher sensitivity to anoxic treatment possibly due to lower induction of the fermentation pathway genes, ADH and PDC1, and of sucrose synthases, SUS1 and SUS4. This sensitivity to anoxia was accompanied by lower protein levels of AGPs-bound epitopes such as LM14 in the mutant line and induction of extensins-bound epitopes, while the expression levels of the majority of the AGPs genes were stable throughout a low oxygen time course. The lower AGPs content might be related to altered frequency of proline hydroxylation occurrence in the p4h3 line. These results indicate active involvement of proline hydroxylation, a post-translational modification, to low oxygen response in Arabidopsis.
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INTRODUCTION

Oxygen is important for cellular respiration in all eukaryotes, including plants, which often encounter oxygen deficiency conditions during their life cycle such as root waterlogging and submergence and as a result have evolved various mechanisms of sensing and response to oxygen availability (Gibbs and Greenway, 2003; Loreti and Perata, 2020). Oxygen deprivation triggers various changes at different levels, such as metabolic shifts (Roberts et al., 1984; Drew, 1997; Planchet et al., 2017), alterations in gene expression (Branco-Price et al., 2005; Loreti et al., 2005; Vlad et al., 2007b), post-translational modifications (Iacopino and Licausi, 2020), and morphological changes (Perata and Alpi, 1993; Eysholdt-Derzsó and Sauter, 2017).

The activation of glycolysis for ATP production (Perata and Alpi, 1993; Gibbs and Greenway, 2003) and fermentative metabolism due to the upregulation of pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH), leads to increased plant tolerance (Knox et al., 1995; Ismond et al., 2003; Kürsteiner et al., 2003). Moreover, knock-out mutants of Arabidopsis PDC1 and PDC2 resulted in higher susceptibility to submergence (Mithran et al., 2014), and mutants of rice and Arabidopsis ADH suppressed seed germination under anoxia (Jacobs et al., 1988; Matsumura et al., 1995; Banti et al., 2008). The glycolytic flow is maintained by the induction of energy efficient sucrose synthase (SUSs) genes such as SUS1 and SUS4 in Arabidopsis which were shown to be up-regulated under hypoxia (Santaniello et al., 2014).

In plants, oxygen sensing is mediated by the regulation of protein stability of group VII ERF (Ethylene Response Factor) cluster of transcription factors via the N-end rule pathway (Gibbs et al., 2011; Weits et al., 2014). A major component of this pathway is the Plant Cysteine Oxidase genes (PCO) which oxidize a Cys at the N-terminus of the VII ERFs polypeptide in an oxygen dependent manner, thus targeting VII ERFs to proteasomal degradation (Weits et al., 2014). The VII ERFs control the expression of anaerobic genes by binding to Hypoxia Response Promoter Element motifs present in anaerobic genes such as ADH, PDC, LBD41 (LOB Domain-Containing Protein 41), HRE1 as well as HRE2 (Hypoxia Responsive ERF 1 and 2), HRA1 (Hypoxia Response Attenuator) (Gasch et al., 2016; Giuntoli and Perata, 2018).

In the metazoans, the prolyl-4-hydroxylases (PHD, prolyl-4-hydroxylase domain) act as oxygen sensors by hydroxylation of HIF1α (Hypoxia Inducible Factor 1A) transcription factor (Wang and Semenza, 1993; Kaelin and Ratcliffe, 2008). Under normoxia PHDs mediate hydroxylation of proline in HIF1α, thus targeting it to proteasomal degradation (Pugh and Ratcliffe, 2003). Under hypoxia, HIFα accumulates, dimerizes with an HIFβ family member, translocates to the nucleus, and transcriptionally activates more than 100 genes (Mcneill et al., 2002; Kaelin and Ratcliffe, 2008; Myllyharju and Koivunen, 2013).

Plant prolyl-4-hydroxylases (P4H) are non-heme proteins belonging to the 2-oxoglutarate-dependent dioxygenase family (2-ODD) requiring molecular oxygen to catalyze proline hydroxylation of Hydroxyproline Rich Glycoproteins (HRGPs) and additional proteins (Clifton et al., 2006; Farrow and Facchini, 2014). This important post-translational modification (PTM) was detected in extensins (Velasquez et al., 2011, 2012), arabinogalactan proteins (AGP) (Schultz et al., 2004), as well as secreted peptide hormones (Kondo et al., 2006; Stührwohldt et al., 2020) and tyrosine-sulfated glycopeptides (Amano et al., 2007). In tomato (Solanum lycopersicum) only the SlAGP4 transcript abundance increased in response to an anoxic time course in mature green fruit pericarp tissue, while AGPs-bound epitopes were either constitutively expressed or upregulated (Fragkostefanakis et al., 2012). In addition to their involvement in various abiotic stresses in plants (Lamport et al., 2006; Mareri et al., 2019), fasciclin-like arabinogalactans (FLAs) and extensins (EXT) showed alterations in transcript levels in a deep-water rice cultivar of high tolerance to anaerobiosis, while three FLAs and two EXTs were upregulated (Minami et al., 2018). Several Arabidopsis AGPs were differentially expressed in a tissue-specific manner in roots under hypoxia and anoxia (Mustroph et al., 2009), while 22 Arabidopsis HRGPs, including five AGPs and five extensins, were identified in silico to exhibit alterations in expression patterns under anoxia (Schultz et al., 2002; Vlad et al., 2007a). Interestingly, five out of 13 Arabidopsis P4Hs were co-expressed with various AGPs suggesting putative interaction (Showalter et al., 2010). These data suggest possible involvement of AGPs in hypoxic and anoxic adaptation. Moreover, overexpression of Arabidopsis AtP4H1 resulted in higher expression of hypoxia-induced genes such as ADH1, PDC1, PDC2, and SUS1 (Asif et al., 2009).

In this study, the physiological role of AtP4H3 under hypoxic and anoxic conditions was investigated. An AtP4H3 T-DNA knock out mutant line exhibited reduced survival percentages under anoxia probably due to lower induction of the fermentation pathway genes, while the AGPs transcript abundance and bound-epitopes remained stable under hypoxic conditions. Moreover, analysis of Arabidopsis lines transformed with a construct of AtP4H3 promoter directing GUS expression indicated tissue specific expression mainly in root stele and columella cells, leaf tips and stipules under hypoxia.



MATERIALS AND METHODS


Plant Material and Growth Conditions

The A. thaliana knock-out mutant line of AtP4H3 (At1g20270) N576446 (SALK_076446) was obtained from the European Arabidopsis Stock Centre (NASC)1. Seeds of Arabidopsis thaliana p4h3-2 mutants were surface-sterilized (30 s 100% ethanol followed by 5 min in 50% bleach), rinsed and allowed to imbibe at 4°C. After 4 days, seeds were transferred to plates with solid MS media (Appendix), and placed in a growth chamber (Snijders Scientific) in vertical orientation under long-day conditions [16 h light (100% intensity) and 8 h dark] with 70% humidity at 22°C during the light cycle and 16°C during the dark cycle. After 10 days, surviving seedlings were transferred to Murashige and Skoog (MS) medium without antibiotic selection. Two weeks later, plants were transferred into jars, and then to soil. Each plant was individually labeled, bagged, and placed separately to avoid cross-pollination.



DNA Extraction

To select for mutant plants following kanamycin selection on MS plates, 200 mg of leaf tissue from 6-week-old plants was frozen with liquid nitrogen and ground by pestle and mortar. 500 μl of DNA extraction buffer (200 mM Tris–HCl pH = 8.0; 250 mM NaCl; 25 mM EDTA pH = 8.0; 0.5% SDS) was added and samples were mixed by inversion several times. Then, an equal volume of phenol: chloroform 1:1 was added to the samples, vortexed for 20 s, centrifuged at 13000 rpm for 10 min and supernatants were transferred to new tubes. Cold isopropanol in 1:1 volume was added, samples were mixed by inversion and placed in −20°C for 1 h. Samples were centrifuged, washed with 70% ethanol, air-dried and resuspended in 150 μl of sterile distilled H2O. 20 μl of RNase A (10 mg/ml) was added and samples were then incubated for 1 h at 37°C. An equal volume of chloroform was added again, vortexed and centrifuged for 10 min. The supernatants were transferred to new tubes and washed with 2.5:1 volumes of 100% and 70% ethanol. Dried pellets were resuspended in 50 μl of sterile distilled H2O and stored at −20°C. DNA was quantified by an IMPLEN NanoPhotometerTM Pearl.



RNA Extraction and cDNA Synthesis

Total RNA was isolated from roots of 7 day-old Arabidopsis Col-0 plants using PureLink® RNA Mini Kit by Ambion. 200–300 mg of frozen tissue was homogenized in liquid nitrogen and following steps were done according to the PureLink® RNA Mini Kit instructions. Quality control for RNA was performed with GelRed® Nucleic Acid Gel Stain (Biotium) on a 1.5% denaturing agarose gel electrophoresis with 2 μg RNA and a NanoPhotometer (NanoPhotometerTM Pearl, Implen). cDNA was synthesized using 5 μg of RNA with oligo (dT)15 primers and the SuperScript® Synthesis VILO cDNA kit (Invitrogen) according to the manufacturer’s guidelines.



Western Blotting

A modified protocol based on Woodson and Handa (1987) was used to extract total protein from wild type and p4h3 plants (Woodson and Handa, 1987). Plant tissue was ground in liquid nitrogen and lysed afterward (Woodson and Handa, 1987). Extracted proteins were separated by sodium dodecyl sulfate-polyacrylamide 12% (pH 8.8) gel electrophoresis (SDS-PAGE) (Sambrook and Russell, 2006). The gel was transferred onto polyvinyl fluoride membrane (MILLIPORE Immobilon-P, 0.45 mm pore size, IPVH00010) at a constant current of 35 V for 2 h. Blots were soaked in blocking solution containing 5% non-fat dry milk (NFDM) in Tris Buffered Saline (TBS) solution [10 mM Tris HCl, 150 mM NaCl, 0.05% (v/v) Tween-20, 0.01% (w/v) Na Azide, pH 8.0] with shaking at 4°C for 3 h. Then membranes were incubated with LM14 (Moller et al., 2008), JIM20 (Knox et al., 1995), or MAC207 (Pennell et al., 1989) (Paul Knox Cell Wall Lab, University of Leeds, United Kingdom) rat monoclonal antibodies in 2.5% NFDM containing TBS-Tween solution at 4°C overnight. The Actin (Agrisera AB, Vännäs, Sweden) was used as a loading control. The bound antibodies were labeled with the Goat anti-Rat IgG Horse radish peroxidase (HRP conjugate) (MILLIPORE), washed and incubated with a chemiluminescent solution (SuperSignal West Pico Chemiluminescent Substrate, Thermo Scientific, 34077). After 1 min incubation, the membranes were exposed to X-Ray film.



Generation of Transgenic Plants and Agrobacterium-Mediated Transformation

Primers for sequencing and genotyping mutant lines were designed based on using http://signal.salk.edu/tdnaprimers.2.html and http://primer3.ut.ee/, respectively (Supplementary Table 1). To generate 35S:P4H3 transgenic plants, we delimited the open reading frame of AtP4H3 using the ORF Finder2. The DNA fragment was subcloned using the Gateway recombination technology (TOPO Cloning© system) into pCR©II-TOPO© vector according to the manufacturer’s instructions (INVITROGEN)3. Plasmids were verified by digestion and transferred to the pK7WG2D Gateway-compatible destination binary vector4 by recombination reactions. The generation of P4H3pro:GFP:GUS transgenic lines comprised of the amplification of a 1991 bp AtP4H3 promoter region upstream of the translation initiation codon of AtP4H3 by using Col-0 genomic DNA as template. PCR products were subcloned using the Gateway recombination technology (TOPO Cloning© system) into pCR©II-TOPO© vector according to the manufacturer’s instructions (INVITROGEN, see text footnote 3). Plasmids were verified by digestion and transferred to the pKGWFS7.0 Gateway-compatible binary vector (see text footnote 4) by recombination reactions. The AtP4H3 gene construct comprising the entire genomic sequence of 3497 bp for generating complementation lines was amplified from genomic DNA (wild type Col-0) and subcloned into pCR©II-TOPO© vector according to the manufacturer’s instructions (INVITROGEN, see text footnote 3) using the Gateway recombination technology (TOPO Cloning© system). Plasmids were verified by digestion and transferred to the pBGWFS7.0 Gateway-compatible binary vector (see text footnote 4) by recombination reactions. Agrobacterium tumefaciens strain GV3101 (pMP90) was used for transforming Arabidopsis plants (Zhang et al., 2006). Independent transformants on kanamycin selection were confirmed by PCR (Supplementary Table 1).



GUS Visualization for AtP4H3 Localization

Localization of AtP4H3 promoter activity was monitored in 8-day old seedlings growing on MS medium containing P4H3pro:GUS:GFP. The staining procedure was performed according to Li (2011). For histochemical detection of GUS activity, 7-day old seedlings were collected in Eppendorf tubes and placed on ice along with cold 90% acetone. Following 20 min incubation at 37°C, acetone was removed and plants were washed with rinsing buffer. Then, a staining buffer with X-Gluc was added to each tube and seedlings were placed under vacuum for 5 min. Then the samples were infiltrated under vacuum, on ice, for 30 min and incubated at 37°C under darkness overnight. After an overnight incubation staining buffer was removed and seedlings were washed for 30 min consecutively in 20%, 35%, and 50% ethanol. FAA fixative was then added and seedlings were incubated for another 30 min. FAA was removed, 70% ethanol was added and seedlings were stored at 4°C. Images were collected under an optical microscope Leica MZ FL III at 10x objective with a DC 300F digital camera.



Hypoxia and Anoxia Treatment

Hypoxia and anoxia conditions were replicated as outlined before (Vlad et al., 2007a). Seven day old seedlings were treated through an open system in Petri dishes with 1.5% O2 plus N2 (hypoxia) or 100% N2 (anoxia) in the dark at room temperature. The Petri dishes were placed in 1 L airtight jars connected in parallel and a 40–45 ml per min gas stream was passed through the system. Concentrations for O2 and CO2 in the outlet stream were monitored using a CO2/O2 analyzer (PCO2; Gas Data Ltd., Coventry, United Kingdom). Air-treated control plants were left under aerobic conditions. Time-course measurements began when the jars were fully purged with gas. For each time point (0-untreated/control, 1, 2, 4, and 6 h), samples were taken for roots and shoots separately, flash frozen in liquid nitrogen and stored at −80°C.



Anoxia Tolerance Assay

An anoxia survival assay was performed as outlined previously (Vlad et al., 2007a). Agar plates containing 7 day old seedlings were transferred in plates with anoxia (100% N2) for 7.5 h in the dark. Plates were then transferred to a growth chamber for post-anoxic recovery (16 h/8 h, 22°C/16°C, and light/dark photoperiod). Survival rates were measured at 3–4 days post-treatment and averages were taken from three biological replicates. Each replicate comprised of three technical replicates, with each replicate consisting of at least 50 plants for each line. Data were subjected to statistical analysis based on the regression analysis generalized linear model, using GenStat 12.1 software.



Real Time (qPCR) and Reverse Transcription PCR (RT-PCR)

Real time PCR for Arabidopsis gene expression in response to hypoxia 1.5% O2 was conducted on a CFX Connect machine (BIORAD®) using SYBR® Select Master Mix (Applied Biosystems®). Specificity of primers was determined by dissociation kinetics for PCR products by the end of each run and subsequent analysis of these products using 2% agarose gel electrophoresis stained with GelRed (Biotium). Standard curves were established for each gene using serially diluted cDNA (8, 4, 2, and 1 μg). A linear relationship between the threshold cycle and the log of the starting cDNA concentration was determined for each gene in order to check the efficiency of the PCR. The Arabidopsis Actin gene (ACTIN2 – At3g18780) was used as an internal control.



Statistical Analysis

For progeny test of seed stocks, one hundred seedlings were tested for kanamycin resistance to observe deviations from Mendelian segregation ratios using Chi-square (χ2) statistical tests. Gene expression data were analyzed using the 2–ΔΔCt method (Livak and Schmittgen, 2001) and presented as relative levels of gene expression. To determine relative fold differences for each sample, the Ct value for each gene was normalized to the Ct value for ACTIN2.

All measurements were conducted in triplicate (three technical replicates per biological replicate and three biological replicates) and results are expressed as mean ± standard errors of the relative expression (SEs). Then, all the data from the pairwise ΔCt of each technical replicate, were subjected to statistical analysis of variance (ANOVA) and a post hoc multicomparison test (Tukey’s honest significant difference criterion, 95% confidence interval) by using the statistics toolbox of MATLAB (The MathWorks Inc., Natick, MA, United States). The comparisons were contacted to identify the statistically significant differences between wild type (WT) and the p4h3-2 line, at each timestep of the time-course experiment, respectively. Differences at P < 0.05 were considered to be significant.

The reason why in some cases the expression between the control and the mutant line is not statistically significant, even though the expression levels with the error bars do not overlap, is that the statistical analysis was performed on the pairwise ΔCt values for each technical replicate of all three biological replicates. This methodology was selected in order to include all the data and not only the mean values of the three biological replicates (Goni et al., 2009; Pabingera et al., 2014).



RESULTS


AtP4H3 Contributes Toward Oxygen Deprivation Tolerance in Arabidopsis

The Arabidopsis genome comprises 13 putative P4Hs with various patterns of expression under anoxia, hypoxia and mechanical wounding (Vlad et al., 2007a). Only AtP4H3 was induced under anoxia and two hypoxic concentrations of 1.5% and 5% O2, while AtP4H4 was expressed under both hypoxic conditions (Vlad et al., 2007a).

The tissue-specific expression of AtP4H3 was determined in various organs and developmental stages by RT-PCR (Figure 1A). The AtP4H3 was expressed at the seedling stages (1–3 weeks) in both roots and leaves, in young inflorescences (6 weeks) and siliques (8 weeks), while there was no expression at the seed stage and only minimal at 8 week-old inflorescences (Figure 1A).
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FIGURE 1. Effects of AtP4H3 on oxygen deprivation tolerance. (A) Tissues-specific expression of AtP4H3 gene in Arabidopsis thaliana (Col-0) by using reverse transcription-PCR. (B) T-DNA mutant line insertion schematic of the genomic region corresponding to P4H3. The positions of the T-DNA insertion (black triangle), the initiating codon (ATG), and the stop codon (*) are indicated, along with the location and direction of the gene (At1g20270) on chromosome 1. Genomic AtP4H3 sequences are represented by exons (black boxes), introns (white boxes), and untranslated regions (black line). The T-DNA orientation is indicated by left (LB) and right (RB) borders. Coordinates are in bp and Mb at the gene and chromosome level, respectively. Features are drawn to scale. (C) AtP4H3 transcript levels in wild type, T-DNA mutant line (p4h3-2) and complementation (compl) line #2 in 7 day-old seedlings. The RT-PCR was performed with qPCR primers. Actin was used as internal control. (D) Relative expression of AtP4H3 in Col-0 (green bars) and p4h3-2 mutant (gold bars) plants in response to a hypoxic time course by using qPCR. Relative expression levels are shown as fold change values and the error bars represent standard errors. (E) Phenotypes of the wild type (Col-0), p4h3-2, and complementation line 2 exposed to 100% N2 for 7.5 h after a 3-day post-anoxic recovery. (F) Survival rates of 7 day-old Arabidopsis plants after 100% N2 treatment for 7.5 h. Fifty seeds were placed per 10 mm Petri dishes. Survival rates were scored as a percentage following 3 days of post-anoxic recovery under normal conditions (21% O2, air). Data are shown as mean survival rates, error bars show Standard error. The experiment was repeated at least three times.


The physiological significance of AtP4H3 under oxygen deficiency conditions was investigated by characterizing the anoxic response of a p4h3-2 T-DNA line (Figure 1B). This mutant line was carrying an insertion at the 4th exon of AtP4H3 (SALK_076446) which was verified by genotyping (Figure 1B). The transcript abundance of AtP4H3 was determined in 7-day old seedlings of wild type, p4h3-2 T-DNA line and AtP4H3 complementation line #2 (MAITG3-2B) by using a RT-PCR approach (Figure 1C). No expression was observed in the p4h3-2 line while mRNA levels were detected in wild type and MAITG3-2B (Figure 1C). Homozygous p4h3-2 plants developed aerial lateral inflorescences inconsistently and further investigation will be required to characterize the phenotype (Supplementary Figure 1).

Seven day-old seedlings of wild type Col-0 and p4h3-2 were exposed to hypoxia and the AtP4H3 transcript levels were determined (Figure 1D). Low oxygen induced the AtP4H3 expression in wild type throughout the 6-h time course, as expected, peaking after 1 h of hypoxia, while no detectable mRNA levels were observed for the p4h3-2 line (Figure 1D).

Hypoxia tolerance assays indicated that Arabidopsis can easily survive at 1% O2 in the dark for several days (Licausi et al., 2010). The 7 day-old seedlings of p4h3-2 line, MAITG3-2B and wild type were exposed to anoxia for 7.5 h in order to determine their survival percentage (Figures 1E,F). After a 3-day post-anoxia period, most of the p4h3-2 seedlings turned white and died while most of the Col-0 and MAITG3-2B seedlings were green and continued to grow (Figures 1E,F). The p4h3-2 survival percentage was very low at the levels of 10.66% while in Col-0 and MAITG3-2B it was much higher at the levels of 44.74% and 46.46%, respectively (Figures 1E,F).



Tissue Specific Localization of AtP4H3 Under Hypoxia

The spatial and temporal expression of AtP4H3 in young seedlings subjected to hypoxia and anoxia was investigated by analyzing stable Arabidopsis transgenic lines transformed with an P4H3pro:GUS:GFP construct. Several independent transgenic lines were generated and three of them were selected for further characterization. GUS staining indicated tissue specific expression of AtP4H3 consistently in the root stele (Figures 2A,c,f,h), root tips (Figures 2A,g), stipules (Figures 2A,d,i), and leaf tips (Figures 2A,e,j) of 5-day old seedlings. Hypoxia treatment for 3 h significantly increased GUS expression in columella cells, root stele and stipules while strong induction was observed in the stele of the root tip differentiation zone (Figure 2A). Moreover, a 1.5% O2 hypoxic and an anoxic time course experiment was performed to determine GUS expression patterns in the root tip (Figure 2B). The highest upregulation was observed after 4 h of hypoxia and anoxia with detection of GUS staining also in lateral root cup in addition to columella cells (Figure 2B). These results indicate that AtP4H3 is induced under oxygen deficiency conditions within 4 h of exposure and this induction is sustained up to 6 h (Figure 2).
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FIGURE 2. (A) Histochemical localization of AtP4H3 promoter-GUS expression in 5 day-old transgenic Arabidopsis seedlings treated with 21% (a–e) and 1.5% O2 (f–j) for 3 h. (a,f) AtP4H3 promoter activity in columella cells and vasculature in differentiation and elongation root zones. (b,g) AtP4H3 promoter activity in columella cells in root tips. (c,h) AtP4H3 promoter activity in the stele. (d,i) AtP4H3 promoter activity in shoot apex region. (e,j) AtP4H3 promoter activity in leaf tips. The assay consisted of three biological replicates, with each biological replicate including 3–5 technical replicates. (B) Histochemical localization of AtP4H3 promoter-GUS expression in 7 day-old transgenic Arabidopsis seedlings treated with hypoxia (1.5% O2) and anoxia. (a–d) AtP4H3 promoter activity in root tips under hypoxia (1.5% O2) time-course. (e–h) AtP4H3 promoter activity in root tips under anoxia time-course.




AtP4H3 Alters the Expression of Anaerobic Marker Genes

Considering the significantly lower survival percentage of p4h3-2 line, the possible effect of AtP4H3 on anaerobic response marker genes was investigated, despite the fact that AtP4H3 catalyzes a post-translational modification. The ADH1, PDC1, SUS1, SUS4 and the TFs, HRE1, and HRE2, were selected for expression analysis during a 1.5% O2 hypoxic time course by using qPCR analysis (Figure 3). The transcript levels of ADH1, PDC1, SUS1, and SUS4 were down-regulated in the mutant compared to Col-0 control for most of the 1-, 2-, 4-, and 6-h time points (Figure 3). The ADH1 expression, for most time points, was decreased by 50–60 fold in the p4h3-2 line, while lower fold change induction was observed for PDC1, SUS1, and SUS4 compared to Col-0 (Figure 3). Strong induction by 14- and 100-fold was detected in HRE1 and HRE2 transcript abundance in response to hypoxia, respectively (Figure 3). However, similar HRE1 and HRE2 mRNA levels were detected in both p4h3-2 and Col-0 seedlings, indicating that these hypoxia inducible TFs were not involved in the differential expression patterns of the anaerobic marker genes in p4h3-2 line under 1.5% O2 conditions (Figure 3).
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FIGURE 3. Expression of anaerobic marker genes under hypoxia. The expression of six genes (ADH1, PDC1, SUS1, SUS4, HRE1, and HRE2) was analyzed under hypoxia (1.5% O2) in 7 days-old Arabidopsis seedlings: Col-0 (green bars) and p4h3-2 (gold bars). Relative expression levels are shown as fold change values. Asterisks represents statistical significance between Col-0 and p4h3-2 within a treatment and the error bars represent the standard error in expression values.




Oxygen Deficiency Induces AtP4H3-Dependent Changes in AGP Gene and Protein Expression Profiles

Several Arabidopsis and tomato AGPs were shown to be differentially expressed under low oxygen and among them nine Arabidopsis AGPs were selected for further characterization considering microarray analysis data of low oxygen transcriptome in Arabidopsis (Liu et al., 2005; Showalter et al., 2010; Fragkostefanakis et al., 2012). This cluster of hypoxic AGPs is comprised of five classical AGPs and four (Fasciclin-like AGPs) FLAs (Supplementary Figure 2). All of them comprise signal peptides while the five classical AGPs and two FLAs, FLA8 and FLA12, contain a GPI anchor (Supplementary Figure 2).

Stable overall transcript levels of AGPs and FLAs were observed in the wild type Col-0 seedlings throughout the 6-h hypoxic time course by qPCR analysis (Figure 4).
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FIGURE 4. Expression of AGPs genes under hypoxia in the p4h3-2 line. The expression of nine AGPs – AGP3, AGP12, AGP24, AGP26, AGP40, FLA8, FLA12, FLA15, and FLA16 – was measured in hypoxic conditions (1.5% O2) in 7 day-old Arabidopsis seedlings. Col-0 (green bars) and p4h3-2 (gold bars) relative expression levels are shown as fold change values. Asterisks represent difference of significance between Col-0 and p4h3-2 within a treatment and error bars represent the standard error in expression values.


In the p4h3-2 line, the AGP12 showed lower levels of expression under normoxia (0 h) and this downregulation was continued compared to Col-0 throughout the time course (Figure 4). The FLA8 and AGP24 showed lower transcript levels after 4-, 6-h, and 6-h of hypoxia, respectively (Figure 4). These results might suggest indirect involvement of AtP4H3 also on the transcriptional regulation of AGPs despite catalyzing a post-translational modification. Comparison of the expression levels among the nine AGPs showed that AGP24 and AGP3 had the highest transcript abundance under normoxia (0 h) which was sustained also under hypoxia (Supplementary Figure 3). In the p4h3-2 mutant background, the mRNA levels of AGP24 increased by 2-fold in one time point (Supplementary Figure 3).

The soluble AGPs and extensins comprising the LM14-, MAC207-, and JIM20-epitopes were determined by western blot analysis (Figure 5). The LM14 antibody recognizes AGP-bound epitopes containing neutral sugars such as arabinose and galactose and are abundant in their side chains (Moller et al., 2008), while the MAC207 recognizes an epitope containing L-arabinose and o-glucuronic acid (Pennell et al., 1989). The JIM20 antibody recognizes extensin or HRGP glycoproteins (Knox et al., 1995).
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FIGURE 5. Western blot analysis of p4h3-2 and Col-0 seedlings using the LM14, MAC207, and JIM20 antibodies of AGPs. Total proteins (10 μl per lane) from Col-0 and p4h3-2 plants following hypoxia (left panel) and anoxia (right panel) treatments. Total proteins extracted from roots of 7 day-old seedlings subjected to hypoxia or anoxia for 0, 1, 2, 4, and 6 h were fractionated in SDS-PAGE in triplicate. Molecular masses are indicated on the left (kDa). At least three biological replicates were performed.


The soluble AGPs comprising the LM14-, MAC207-, and JIM20-epitopes ranged from 250 up to 72 KDa (Figure 5). The LM14-bound AGPs showed stable protein levels in wild type Col-0 during the hypoxic time course and a marginal increase during the anoxic time course (Figure 5 and Supplementary Figure 4). Similar results were obtained in the p4h3-2 mutant background (Figure 5 and Supplementary Figure 4). The MAC207-bound epitopes exhibited stable levels of expression under hypoxic time course in wild type Col-0 and the p4h3-2 mutant line while a marginal upregulation was observed under anoxia (Figure 5 and Supplementary Figure 4). The JIM20-bound extensins exhibited stable levels with a slight decrease after 6 h of hypoxia in wild type Col-0 while under anoxia the JIM20 levels were stable (Figure 5 and Supplementary Figure 4). In the p4h3-2 mutant background, the JIM20 epitopes slightly decreased under hypoxia and increased under anoxia (Figure 5 and Supplementary Figure 4).

An anoxic time course of up to 12 h in wild type Col-0 and p4h3-2 mutant indicated slightly higher levels of LM14 and MAC207 epitopes suggesting possible contribution to cell homeostasis (Supplementary Figure 5). Marginally higher levels of AGPs-bound epitopes were detected in the wild type Col-0 compared to the p4h3-2 mutant line under anoxic conditions in two different anoxic time courses (Figure 5 and Supplementary Figures 4, 5) while no changes in AGPs content was observed under hypoxia (Figure 5 and Supplementary Figure 4).



DISCUSSION

Although several P4Hs are upregulated under oxygen deficiency, the role of proline hydroxylation on hypoxic response in plants has not been thoroughly investigated despite their role in metazoan oxygen sensing mechanism (Vlad et al., 2007a). Oxygen sensing mechanisms have been discovered in animal and plant kingdoms, while hypoxia sensing and response mechanisms utilize post-translational modifications to signal protein degradation in an oxygen dependent manner (Kaelin and Ratcliffe, 2008; Gibbs et al., 2011; Weits et al., 2014). The hydroxylation of proline residues generates a binding site for the von Hippel-Lindau (pVHL) tumor suppressor protein, which is a component of the ubiquitin ligase complex and thus, HIFa is polyubiquitylated and subjected to proteasomal degradation upon oxygen availability due to dependence of P4H activity on oxygen concentration (Kaelin and Ratcliffe, 2008; Zhang and Yang, 2012). Under hypoxia, HIFa accumulates, dimerizes with an HIFβ family member, translocates to the nucleus, and transcriptionally activates an array of genes (Mcneill et al., 2002; Kaelin and Ratcliffe, 2008). Plants have evolved another oxygen sensing system, which is comprised of different components. Instead of proline hydroxylation, the signaling modification is cysteine oxidation by PCO (Weits et al., 2014), while the proteolysis (PRT)6 N-degron pathway, equivalent to the non-plant Arg/N-degron pathway, is used for proteasomal degradation (Vicente et al., 2017; Dissmeyer, 2019).

The lower survival in the p4h3-2 line was associated with a significant downregulation trend of ADH and PDC1 expression (Figure 3). It is well established that increased activation of the fermentation pathway leads to better adaptation under oxygen deficiency (Ismond et al., 2003; Hwang et al., 2011; Mithran et al., 2014). Lower survival of Arabidopsis seedlings in hre1/hre2 mutant lines were associated with lower expression levels of ADH in two out of four time points in an 8-h hypoxic course (Licausi et al., 2010). In the p4h3-2 line, the decrease in survival of Arabidopsis seedlings was also associated with a suppression of ADH and PDC1 expression in three and one time point in a 6-h hypoxic time course, respectively (Figure 3). Moreover, the transcript levels of SUS1 and SUS4 were also downregulated in two time points in an 8-h hypoxic course in the hre1/hre2 mutant lines (Licausi et al., 2010). Similarly, in the p4h3-2 line, the expression of SUS1 and SUS4 was decreased in three and two time points, respectively (Figure 3). These results indicate similar responses to hypoxia, which might not be related to either HRE1 and/or HRE2, because their levels of expression were not altered in the p4h3-2 line (Figure 3).

One of the anaerobic genes, SUS1, was shown to be expressed in the phloem and contribute to hypoxia and anoxia tolerance, indicating partially similar to AtP4H3 spatial expression patterns (Martin et al., 1993; Yao et al., 2020). However, sus1/sus4 double mutants had significantly lower survival percentages under waterlogging, while similar to wild type survival was observed under anoxia, hypoxia and submergence (Bieniawska et al., 2007; Santaniello et al., 2014).

The spatial induction of AtP4H3 in root stele and columella cells, leaf tips and stipules of Arabidopsis seedlings subjected to hypoxia suggests tissue specific involvement in hypoxic adaptation. The strongest induction was observed in root stele and columella cells, while it has been reported that the respiration rates in stele of aerated roots were 6-fold higher in comparison to cortex tissue in banana plants (Aguilar et al., 2003), which indicates accelerated consumption of oxygen and therefore induction of oxygen deficiency in the stele under aerobic conditions. This suggest that the level of AtP4H3 induction might be regulated in an oxygen dependent manner.

The HRGP superfamily in Arabidopsis consists of 166 genes including 85 genes coding for various AGP subfamily members, from which 22 genes code for classical AGPs and 21 for FLAs (Showalter et al., 2010). Hypoxia and anoxia differentially regulate AGPs expression in tomato fruits, with transcript levels of some tomato AGPs significantly decreased under hypoxia and up- or down-regulated under anoxia (Fragkostefanakis et al., 2012). Among the five classical AGPs and the four FLAs, only AGP12 showed consistently lower expression levels in the p4h3-2 line throughout the 6-h hypoxic time course (Figure 4), indicating regulation at the transcriptional level despite the fact that AtP4H3 catalyzes a post-translational modification. This pattern of expression might be attributed to regulation by a transcription factor which is affected by the levels of expression of AtP4H3. In this case, the AtP4H3 might indirectly regulate the expression of AGP12. Overall, the other eight AGPs and FLAs exhibited stable levels of expression throughout the hypoxic time course Stable levels of gene expression (Figure 4) and protein content (Figure 5) were detected for the other eight AGPs and FLAs and the AGPs-bound epitopes during the hypoxic time course, respectively.

Previously, 25 TFs were identified to exhibit differentially expression patterns under hypoxia and were comprising proline hydroxylation motifs in their deduced amino acid sequence (Vlad et al., 2007b). However, there are no reports, up to now, on the hydroxylation of TFs in plants regulating protein stability. Alternatively, secreted peptide hormones such as PSY1, CEPs, CLV3, CLEs, CLE-PS2, and RGFs, which undergo posttranslational hydroxylation (Lee et al., 2020), might be involved in hypoxic response and regulate transcriptional responses through TFs. Among them, CLE and CEP peptides were shown to be associated with abiotic stress such as osmotic and drought tolerance in Arabidopsis (Smith et al., 2020; Takahashi et al., 2020).

The frequency of occurrence of proline hydroxylation determines the O-glycosylation of AGPs and extensins leading to either alterations of their structure and/or to their degradation. This might lead to marginal reduction in the content of AGP-bound epitopes in the p4h3-2 line in comparison to the wild type as observed in the anoxic time course. However, no changes in the AGPs content was detected between the p4h3-2 line and wild type in the hypoxic time course possibly due to redundant function of other P4Hs expressed under hypoxia.

A marginal, gradual decrease on the extensins-bound epitopes was detected throughout the hypoxic time course in both p4h3-2 line and wild type suggesting lower involvement in hypoxic response compared to AGPs. However, under anoxia an induction was observed only in the p4h3-2 line but not in the wild type indicating possible regulation either at the transcriptional level or alterations at their glycan structure. Further investigation of the transcriptome and proteome might provide additional information on the regulation of extensin levels under oxygen deficiency conditions.

Mainly anoxic but also hypoxic stress leads to a substantial decrease in ATP production and as a result to energy shortage (Gibbs and Greenway, 2003). In this context, the gradual increase in AGPs content throughout not only the 6-h but also the 12 h anoxic time course might suggest participation in the preservation of cell homeostasis under anoxia considering that protein synthesis is a high energy consumption cellular process (Branco-Price et al., 2005). The higher sensitivity of an AtP4H3 knock out mutant line to anoxic stress indicates the physiological significance of proline hydroxylation, a post-translation modification, in oxygen deficiency adaptation in Arabidopsis. Further investigation is required on the identification of proline hydroxylated proteins involved in this abiotic stress response.
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Secretions of parasitic worms (helminths) contain a wide collection of immunomodulatory glycoproteins with the potential to treat inflammatory disorders, like autoimmune diseases. Yet, the identification of single molecules that can be developed into novel biopharmaceuticals is hampered by the limited availability of native parasite-derived proteins. Recently, pioneering work has shown that helminth glycoproteins can be produced transiently in Nicotiana benthamiana plants while simultaneously mimicking their native helminth N-glycan composition by co-expression of desired glycosyltransferases. However, efficient “helminthization” of N-glycans in plants by glyco-engineering seems to be hampered by the undesired truncation of complex N-glycans by β-N-acetyl-hexosaminidases, in particular when aiming for the synthesis of N-glycans with antennary GalNAcβ1-4GlcNAc (LacdiNAc or LDN). In this study, we cloned novel β-hexosaminidase open reading frames from N. benthamiana and characterized the biochemical activity of these enzymes. We identified HEXO2 and HEXO3 as enzymes responsible for the cleavage of antennary GalNAc residues of N-glycans on the model helminth glycoprotein kappa-5. Furthermore, we reveal that each member of the HEXO family has a distinct specificity for N-glycan substrates, where HEXO2 has strict β-galactosaminidase activity, whereas HEXO3 cleaves both GlcNAc and GalNAc. The identification of HEXO2 and HEXO3 as major targets for LDN cleavage will enable a targeted genome editing approach to reduce undesired processing of these N-glycans. Effective knockout of these enzymes could allow the production of therapeutically relevant glycoproteins with tailor-made helminth N-glycans in plants.
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INTRODUCTION

Over the last 50 years, inflammatory conditions such as autoimmune diseases have dramatically risen in industrialized countries. For example, the prevalence of autoimmune type 1 diabetes (Patterson et al., 2009), inflammatory bowel disease (Economou and Pappas, 2008), and asthma (Asher et al., 2006) has increased in Europe. Autoimmune diseases are exaggerated immune responses against harmless self-antigens, and the worldwide occurrence of autoimmune disease is correlated with several “western lifestyle” behaviors (Thorburn et al., 2014). For example, improved hygienic conditions are thought to impact the development of our immune system. In particular, the “old friends” hypothesis links this altered immune development with the absence of parasitic worm (helminth) infections (Stiemsma et al., 2015). It is believed that co-evolution of humans and helminths has resulted in a mutually beneficial balance.

Helminths are a heterogeneous group of parasitic worms that chronically infect humans and other animals. Helminths stably live inside the host due to their ability to modulate immune responses of the host. Helminths elicit a modified type 2 immune response (Th2), enhance the generation of regulatory T cells (Tregs), and stimulate the production of anti-inflammatory cytokines (Finlay et al., 2014; Zaph et al., 2014). The induction of these immunoregulatory mechanisms is thought to be responsible for a protective effect against many inflammatory conditions (Finlay et al., 2014; Helmby, 2015). For example, several studies in animal models showed the protective effect of Schistosoma mansoni infection against colitis (Elliott et al., 2003), airway inflammation (Mangan et al., 2006), encephalomyelitis (Sewell et al., 2003), and diabetes (Cooke et al., 1999; Hussaarts et al., 2015). Due to these findings, many helminths are under investigation for their potential to treat autoimmune diseases, allergies, and metabolic disorders.

Upon infection, helminths excrete/secrete a variety of glycoproteins and gycolipids (ES products) that play a vital role in immunomodulation (reviewed in Maizels et al., 2018). For this reason, ES products are considered valuable candidates for therapy of inflammatory conditions. Unfortunately, the extraction and purification of single ES products is not sustainable for functional characterization and subsequent therapeutic application, since it is practically impossible to obtain large quantities of worm material. The detailed characterization of ES products therefore relies on the production of glycoproteins in a recombinant expression system. However, the glycan composition of helminth glycoproteins is highly diverse (reviewed in Hokke and van Diepen, 2017), and studies with ES products revealed that N-glycosylation can be crucial for their biological activity. For example, the N-glycans of S. mansoni egg-secreted omega-1, which carry Lewis X, are necessary for its interaction with immune cells and immunomodulatory properties (Everts et al., 2012; Wilbers et al., 2017), which can be harnessed to improve metabolic homeostasis in obese mice (Zande et al., 2021). For this reason, an expression system is preferred that not only produces the desired glycoprotein in large quantities, but at the same time allows the engineering of the native N-glycan composition.

Plants are an attractive expression system for the production of such “helminthized” glycoproteins. Plants offer advantages over other expression systems in terms of scalability, production speed and costs, and product quality (Stoger et al., 2014; Nandi et al., 2016; Mir-Artigues et al., 2019). When it comes to engineering of helminth N-glycans, Nicotiana benthamiana plants also offer unprecedented flexibility. First of all, their limited endogenous glycome shares several characteristics of helminth N-glycans, such as the lack of sialylation and the presence of β1,2-xylose and/or core α1,3-fucose. Secondly, plants tolerate changes in their glycosylation pathway, allowing the modification of recombinant glycoproteins in a controlled and uniform manner (Bosch et al., 2013). For example, typical mammalian glycan modifications that are shared with certain helminth N-glycans can be synthesized in N. benthamiana, such as core α1,6-fucosylation (Castilho et al., 2011a; Wilbers et al., 2016), additional branching (Castilho et al., 2011b), extension of antennae with β1,4-galactose, or Lewis X (Bakker et al., 2001; Rouwendal et al., 2009; Castilho et al., 2011a; Wilbers et al., 2017). In addition to humanized N-glycan engineering, several complex helminth glycan motifs, like LDN, LDN-F, and F-LDN-F, have previously been synthesized in N. benthamiana (Wilbers et al., 2017; van Noort et al., 2020). Finally, the availability of transgenic N. benthamiana plants that lack the typical plant sugar residues β1,2-xylose and/or core α1,3-fucose enable even greater flexibility of glyco-engineering strategies (Strasser et al., 2008; Jansing et al., 2019). Altogether, this makes N. benthamiana a highly versatile expression system for the production of helminth glycoproteins with their native N-glycan composition.

Recently, we have exploited N. benthamiana to produce S. mansoni egg-secreted omega-1 and kappa-5 and mimicked their native N-glycan composition [Lewis X and LDN(-F), respectively] (Wilbers et al., 2017). However, “helminthization” of N-glycans in plants by glyco-engineering still faces some bottlenecks, in particular the synthesis of N-glycans with antennary GalNAcβ1-4GlcNAc (LDN) motifs, which are present on the N-glycans of native kappa-5 (Meevissen et al., 2011), but not omega-1. LDN-glycans were synthesized in N. benthamiana by transiently co-expressing kappa-5 and a β1,4-N-acetyl-galactosaminyltransferase from Caenorhabditis elegans (CeGalNAcT), but only a relatively small fraction of N-glycans carried terminal LDN on a single antenna. It was hypothesized that plant β-hexosaminidases (HEXOs) were responsible for the cleavage of the LDN motif (Wilbers et al., 2017).

Plant HEXOs are a class of enzymes capable of removing terminal GlcNAc residues from complex N-glycans (Altmann et al., 1995) and are expected to be able to cleave GalNAc as well. Three different members comprise the HEXO family (HEXO1, HEXO2, and HEXO3) in Arabidopsis thaliana and N. benthamiana (Gutternigg et al., 2007; Strasser et al., 2007; Liebminger et al., 2011; Shin et al., 2017). Enzymatic activity for the HEXOs from Arabidopsis has been analyzed with chemically synthesized substrates (Gutternigg et al., 2007; Strasser et al., 2007), which showed a strong preference of all three HEXOs for GlcNAc substrates over GalNAc substrates (Strasser et al., 2007). Both studies also showed that HEXO1 and HEXO3 are acting on the complex plant N-glycan structure GnGnXF3 (Figure 1A), whereas HEXO2 displayed high activity toward chitooligosaccharides [chitotriose or (GlcNAc)3]. Evaluation of HEXOs in the plant (A. thaliana and N. benthamiana) revealed that HEXO1 is secreted into the vacuole where it produces paucimannosidic N-glycans on vacuolar glycoproteins (Strasser et al., 2007; Liebminger et al., 2011; Castilho et al., 2014). Arabidopsis HEXO2 is found at the plasma membrane and does not appear to play a role in the processing of endogenous N-glycans (Strasser et al., 2007; Liebminger et al., 2011). HEXO3 is localized in the apoplast and is the major contributor to the formation of paucimannosidic N-glycans on secreted glycoproteins in A. thaliana and N. benthamiana (Strasser et al., 2007; Liebminger et al., 2011; Castilho et al., 2014). So far, not all HEXO orthologs from allotetraploid N. benthamiana have been identified, and no evidence has been reported that HEXOs are able to cleave GalNAc residues from N-glycans in vivo.
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FIGURE 1. (A) Schematic illustration of proposed plant HEXO activity on complex LDN-carrying N-glycans. (B) Schematic overview of the expression vectors used in this study. LB, left border; Pnos, nopaline synthase gene promoter; Hyg, hygromycin B phosphotransferase gene; Kan, neomycin phosphotransferase 2 gene; Tnos, nopaline synthase gene terminator; CaMV, cauliflower mosaic virus; d35S, dual cauliflower mosaic virus 35S gene promoter; P35S, cauliflower mosaic virus 35S gene promoter; HEXO, N. benthamiana HEXO ORF; GalNAcT, β1,4-N-acetyl-galactosaminyltransferase from Caenorhabditis elegans; GFP, green fluorescent protein; RFP, red fluorescent protein; XYLT, Arabidopsis thaliana b1,2-xylosyltransferase ORF; S: HEXO RNAi sequence in sense orientation; XTI2, intron 2 from A. thaliana XYLT; AS, HEXO RNAi sequence in antisense orientation; g7T, Agrobacterium gene 7 terminator; and RB, right border.


In this study we investigated the role of N. benthamiana HEXOs on the cleavage of engineered LDN-carrying N-glycans. We used kappa-5 as model protein since the native parasite protein carries LDN-glycans. We demonstrated that HEXO2 and HEXO3, but not HEXO1, are responsible for cleaving the LDN motif of N-glycans on apoplast glycoproteins. Furthermore, we show that HEXO2 can act on N-glycans of apoplast glycoproteins as a membrane-bound enzyme, while HEXO3 is secreted into the apoplast. Interestingly, HEXO2 was only able to cleave terminal GalNAc residues, whereas HEXO3 truncated N-glycans completely to paucimannosidic structures. Unfortunately, attempts to improve LDN synthesis by transient knock-down by RNAi-mediated silencing were unsuccessful. In conclusion, this study reveals distinct N-glycan substrate specificities for the different HEXO family members of N. benthamiana and the ability of HEXO2 to process non-endogenous N-glycans. The identification of HEXO2 and HEXO3 as major targets for LDN cleavage enables targeted knockout of these enzymes by genome editing approaches and could further optimize N. benthamiana as production platform for “helminthized” glycoproteins.



MATERIALS AND METHODS


Identification of HEXO Orthologs in N. benthamiana

The A. thaliana HEXO1 (At3g55260), HEXO2 (At1g05590), HEXO3 (At1g65590) amino acid sequences were used to identify corresponding genes in the Sol Genomics Network draft genome for N. benthamiana (v1.0.1; Bombarely et al., 2012). Primers were designed to amplify the full-length open reading frames (ORF) from N. benthamiana cDNA (Supplementary Table 1). Thereto, mRNA was isolated from 5-week-old N. benthamiana plants using the SV Total RNA Isolation System (Promega, Leiden, Netherlands), and cDNA was synthesized using oligo(dT) primers with GoScript reverse transcriptase (Promega, Leiden, Netherlands). Additionally, 3′ RACE PCR from the poly-A tail was performed for HEXO2 orthologs. We used an oligo(dT) primer that was modified with a 3′ adaptor sequence for cDNA synthesis as described above. In a second round of PCR we used a gene specific HEXO2 primer and adaptor primer to amplify the 3′ end of HEXO2 orthologs (Supplementary Table 1). Full-length HEXO ORFs were then PCR amplified, cloned into pCR2.1-TOPO (Fisher Scientific, Landsmeer, Netherlands), and sequenced at Macrogen (Amsterdam, Netherlands).



Construction of Expression Vectors

All HEXO ORFs were reamplified and subcloned into the plant expression vector pHYG (Westerhof et al., 2012) via 5′ NcoI/BspHI and 3′ KpnI/BsrGI restriction sites (Westerhof et al., 2012). Additionally, fusions of HEXO2A, HEXO2B, and HEXO3B with green fluorescent protein (GFP) were constructed in the pHYG plant expression vector. The HEXO ORFs were reamplified by PCR to introduce a GGGGS-linker and a NheI restriction site at the 3′ end in order to clone the HEXOs in frame with a C-terminal GFP fragment in pHYG. Fusion proteins of HEXO1A and HEXO3A with red fluorescent protein (RFP) in the p31 vector were included in this study (Shin et al., 2017), and mCherry-tagged formin was used as a marker for membrane localization (Favery et al., 2004).

To determine HEXO activity toward endogenous plant N-glycans we co-expressed HEXO genes with the carrier glycoprotein kappa-5 (in pHYG) and silencing suppressor p19 (in pBIN61) as described before (Wilbers et al., 2017). For screening the ability of HEXOs to cleave GalNAc residues we used β1,4-N-acetyl-galactosaminyltransferase from C. elegans (CeGalNAcT) in the pBINPLUS expression vector to synthesize β1,4-galactosamine (GalNAc) extended branches (Wilbers et al., 2017). In order to transiently silence HEXO genes, a sense–intron–antisense hairpin construct targeting amino acids 136–208 of HEXO3A (pPT2-HEXO3-RNAi) was used (Shin et al., 2017). A sense-intron-antisense construct targeting both HEXO2 and HEXO3 was synthetically constructed at GeneArt and subcloned into the pPT2-HEXO3-RNAi via XbaI/BamHI sites (pPT2-HEXO2/3-RNAi). A HEXO2 subfragment (targeting amino acids 71–144 of HEXO2B) was subcloned into pPT2-HEXO3-RNAi via SpeI/BglII sites (pPT2-HEXO2-RNAi). These hairpin constructs target regions that share 94–96% sequence identity between A and B HEXO orthologs (Supplementary Figures 6, 7).

For plant expression, all constructs were transformed into Agrobacterium tumefaciens strain MOG101, and a schematic representation of the expression vectors can be found in Figure 1B.



Agroinfiltration

Agrobacterium tumefaciens cultures were grown at 28°C/250 rpm in LB medium (10 g/L peptone140, 10 g/L NaCl, 5 g/L yeast, pH 7.0), with 50 μg/mL kanamycin and 20 μM acetosyringone. After overnight (o/n) incubation, bacterial cultures were centrifuged for 15 min/2880 × g. Bacteria were directly resuspended in MMA (1.95 g/L MES, 20 g/L sucrose, 5 g/L MS-salts, 0.2 mM acetosyringone, pH 5.6). A. tumefaciens cultures of different constructs were mixed for co-expression, and the final optical density (at 600 nm) of each A. tumefaciens culture in the mixture was 0.5. The youngest fully expanded leaves of four to 6-week-old N. benthamiana plants were infiltrated at the abaxial side with a needleless syringe. Plants were maintained throughout the experiment in a controlled greenhouse compartment at 20°C and 16 h of light (UNIFARM, Wageningen, Netherlands). Leaves were harvested 3 days post infiltration (dpi) or at 6 dpi when p19 was co-infiltrated.



Golgi Localization

To determine HEXO subcellular localization, N. benthamiana leaves were infiltrated with GFP- or RFP-tagged HEXOs and mCherry-tagged Formin as a plasma membrane marker. To observe fluorescent protein expression and subcellular localization, pictures were acquired with the 63x/1.4 Oil DIC objective on a Zeiss LSM 510 laser scanning microscope (Zeiss, Oberkochen, Germany) using the ZEN-2012 software with scanning speed 9 and average of 16.



Protein Isolation and Purification

Leaves were harvested, and apoplastic proteins were isolated via apoplast wash. Harvested leaves were submerged in extraction buffer (50 mM phosphate buffer, 0.1 M NaCl, 0,1% v/v Tween-20, pH 8.0), a vacuum (−1,000 mBar) was applied in a plastic desiccator and after 5 min slowly released to infiltrate the leaves with buffer. The apoplast fluid was extracted from the leaves by centrifugation for 10 min/2,000 × g (gently rolled into a 10-ml syringe). Remaining intracellular proteins were subsequently isolated from the leaves by homogenization in liquid nitrogen using a metal ball and TissueLyser II (Qiagen, Venlo, Netherlands). Homogenization was then repeated in ice-cold extraction buffer [50 mM phosphate-buffered saline (pH = 8), 100 mM NaCl, 0.1% v/v Tween-20, and 2% w/v immobilized polyvinylpolypyrrolidone (PVPP)] using 2 mL/g fresh weight. Crude extracts were clarified by centrifugation at 16,000 × g for 5 min at 4°C. The protein concentration of the apoplast fluid was determined by the Pierce Bicinchoninic Acid Protein Assay (BCA, Fisher Scientific).

Prior to purification of kappa-5, extracted apoplast fluids were passed through Sephadex G25 chromatography columns to exchange extraction buffer for binding buffer (10 mM Sørensen’s phosphate buffer, 0.1 M NaCl, pH 6.0) and subsequently clarified by centrifugation for 5 min/16,000 × g. Proteins were then bound to Pierce Strong Cation Exchange Mini Spin Columns (Fisher Scientific, Landsmeer, Netherlands). Kappa-5 was eluted with binding buffer containing 2 M NaCl. Column loading, washing, and elution were done by centrifugation for 5 min/2,000 × g. After elution, samples were dialyzed against PBS. The protein concentration of the purified proteins was determined by a BCA assay (Fisher Scientific, Landsmeer, Netherlands).



SDS-PAGE and Western Blots

Apoplastic proteins and intracellular fractions containing GFP- or RFP-tagged HEXOs were analyzed by western blot. Proteins were run on a NuPAGE 12% Bis-Tris (Fisher Scientific, Landsmeer, Netherlands) under reducing conditions and subsequently transferred to a PVDF membrane by wet blotting in a XCell IITM Blot Module using NuPAGE transfer buffer (Fisher Scientific, Landsmeer, Netherlands). After blotting, the membrane was blocked for 1 h at room temperature (RT) or o/n at 4°C with 5% w/v bovine serum albumin in PBST (PBS containing 0.1% v/v Tween-20). Next, the membrane was incubated for 1 h at RT or o/n at 4°C with horseradish peroxidase (HRP)-conjugated antibodies targeting RFP (Abcam, Cambridge, United Kingdom) or GFP (Miltenyi Biotec, Leiden, Netherlands). The membrane was washed five times with PBST, and the HRP-conjugated antibodies were detected with a 1:1 SuperSignal West Femto:Dura substrate (Fisher Scientific, Landsmeer, Netherlands) in the G:BOX Chemi System (VWR International, Amsterdam, Netherlands).



Lectin Binding Assays

The presence of terminal GlcNAc or GalNAc residues on the N-glycans of kappa-5 was analyzed with biotinylated Griffonia simplicifolia lectin II (GSL-II) or soybean agglutinin (SBA), respectively (Bio-Connect, Huissen, Netherlands). Microtiter plates were coated o/n with apoplast fluids in PBS at a protein concentration of 1 and 10 μg/mL. Plates were blocked with carbohydrate-free blocking buffer (Bio-Connect, Huissen, Netherlands) for 1 h at RT. Plates were then incubated for 1 h at RT with biotinylated lectin at a concentration of 2 μg/mL GSL-II or 5 μg/mL SBA. Subsequently, plates were incubated with avidin-HRP (Fisher Scientific, Landsmeer, Netherlands) for 30 min at RT. After every incubation step, the microtiter plates were washed five times with PBST (PBS containing 0.05% v/v Tween-20). Lectin binding was visualized by adding liquid 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Fisher Scientific, Landsmeer, Netherlands), and absorbance was measured at a wavelength of 450 nm while using 655 nm as reference filter in a microplate spectrophotometer (BioRad, Lunteren, Netherlands).



Glycan Analysis

Glycans of purified kappa-5 were released, purified, and labeled with anthranilic acid as previously described (Wilbers et al., 2017) and analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). MS spectra were obtained using an Ultraflex II mass spectrometer (Bruker Daltonics) in negative-ion reflection mode. To confirm the presence of terminal GlcNAc or GalNAc residues, N-glycans were treated with β-N-acetyl-glucosaminidase from Streptococcus pneumoniae (BIOKÉ, Leiden, Netherlands) prior to ZipTip C18 (Millipore BV, Amsterdam, Netherlands) clean-up and subsequent MALDI-TOF MS analysis.



RESULTS


Cloning of Novel HEXO Genes From Nicotiana benthamiana

To find HEXO orthologs in N. benthamiana, we performed a BLAST search against the N. benthamiana draft genome (solgenomics v1.0.1) with the amino acid sequences of A. thaliana HEXOs (AtHEXO1, AtHEXO2, and AtHEXO3). This BLAST search yielded two genomic scaffolds putatively encoding for HEXO1 (Niben101Scf03794g01004.1 and Niben101Scf10015g07014.1). The first scaffold corresponds to the HEXO1 sequence obtained by Shin et al. (2017), whereas Niben101Scf10015g07014.1 could encode a HEXO1 ortholog that lacks 143 amino acids of the N-terminus compared to the other HEXO1 ortholog and AtHEXO1 (Supplementary Figure 1). In addition, a HEXO1 contig (Niben101Ctg15557g00001.1) is present in the database that could encode these missing 143 amino acids. For HEXO2, three genomic scaffolds were found (Niben101Scf09360g01009, Niben101Scf15928g00003.1, and Niben101Scf01151g00003.1). The first scaffold putatively encodes a full-length HEXO2 ortholog, whereas the other two scaffolds contain the N-terminal and C-terminal part of a second HEXO2 ortholog, respectively. For HEXO3, two genomic scaffolds were found (Niben101Scf02017g00001 and Niben101Scf02405g02003) of which the first scaffold corresponds to the HEXO3 sequence published by Shin et al. (2017).

To obtain a complete set of orthologous HEXO sequences of N. benthamiana (besides the HEXO1A and HEXO3A sequences that were published while this study was ongoing) we PCR-amplified the full-length ORFs of HEXO1, HEXO2, and HEXO3 from leaf cDNA. With this approach, we were able to retrieve two novel HEXO2 ORFs (designated as HEXO2A: Niben101Scf09360g01009 and HEXO2B: combination of Niben101Scf15928-g00003.1 and Niben101Scf01151g00003.1; Supplementary Figure 2). HEXO2A encodes a 548 amino acid protein with 59% sequence identity with AtHEXO2 and has a 46 amino acid truncation compared to AtHEXO2. HEXO2B encodes a 602 amino acid protein with 64% sequence identity to AtHEXO2. Both HEXO2 ORFs seem to lack a signal peptide for secretion (SignalP-5.0 server prediction) and have a 23 amino acid transmembrane region just like AtHEXO2 (TMHMM server prediction), where the catalytic domain faces toward the apoplast.

In addition to these novel HEXO2 ORFs, we successfully amplified HEXO1 and HEXO3 ORFs, of which the majority of sequences corresponded to those previously reported by Shin et al. (2017) (designated as HEXO1A and HEXO3A in this study). Despite several efforts we were not able to obtain a second HEXO1 ortholog. The majority of the retrieved sequences for a second HEXO3 ortholog contained premature stop codons, but we did obtain a single clone that could encode a full-length HEXO3 ortholog (designated as HEXO3B: Niben101Scf02405g02003; Supplementary Figure 3). HEXO3B displays 95% sequence identity with HEXO3A and has a predicted signal peptide for secretion just like HEXO3A. In addition, both HEXO3 orthologs lack a clear transmembrane region (TMHMM server prediction), which is in contrast to AtHEXO3. However, the transmembrane prediction for AtHEXO3 might not be real as it also has a predicted signal peptide for secretion.

Altogether, five full-length HEXO ORFs were retrieved from N. benthamiana cDNA (Supplementary Table 2) and could be screened for their functional characterization on complex LDN-carrying N-glycans (Figure 1A).



Subcellular Localization of N. benthamiana HEXOs

Prior to the functional characterization of the HEXO genes we expressed the enzymes transiently in plant leaves and analyzed their expression and subcellular localization. GFP- and RFP-tagged HEXOs (Figure 1B) were expressed in N. benthamiana leaves after which their distribution in the apoplast or in the remaining intracellular fraction was analyzed by western blot. GFP-tagged human IL-22 was taken along as an apoplastic control protein, which results in the detection of free GFP at ± 25 kDa as a result of proteolytic cleavage in the apoplast and multiple glycosylated variants of the fusion protein (±45–55 kDa and smaller cleavage products) in the intracellular fraction (Figure 2A).
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FIGURE 2. Expression of Nicotiana benthamiana beta-hexosaminidases (HEXOs). GFP- or RFP-tagged HEXOs or IL-22-GFP (used as apoplast control protein) were transiently expressed in N. benthamiana leaves. As a negative control (–) p19 was used. Leaves were harvested 3 days post infiltration and analyzed by western blot. (A) anti-GFP western blot under reducing conditions of 10 μg total soluble protein of apoplast fluids or intracellular fraction upon expression of IL-22-GFP (22), HEXO2A (2A), HEXO2B (2B), or HEXO3B (3B). (B) anti-RFP western blot under reducing conditions of 10 μg total soluble protein of apoplast fluids or intracellular fraction upon expression of HEXO1A (1A) or HEXO3A (3A).


Analysis of the subcellular distribution of N. benthamiana HEXOs revealed that HEXO1A-RFP was clearly detected at ±100 kDa in the intracellular fraction, but could also be retrieved from the apoplast (Figure 2B). The latter was quite unexpected because HEXO1A is reported to be vacuolar protein (Shin et al., 2017). HEXO2A-GFP and HEXO2B-GFP were clearly detected in the intracellular fraction (>100 kDa) and tend to form dimers and/or multimers (Figure 2A). No signal was detected for HEXO2 fusion proteins in the apoplast, which suggests that HEXO2A and HEXO2B are not secreted. As expected, our western blot analysis also shows that HEXO3A-RFP can be retrieved from the apoplast (Figure 2B). Additionally, HEXO3A-RFP was clearly detected at ±100 kDa in the remaining intracellular fraction. On the other hand, HEXO3B-GFP seemed to be expressed at much lower levels, since only faint signals were detected in the intracellular fraction and apoplast at ±100 kDa (Figure 2A).

To examine HEXO subcellular localization in more detail, we imaged the fluorescently tagged HEXOs in leaf epidermal cells with confocal microscopy. As expected, HEXO1A-RFP was clearly distributed in the vacuole (Figure 3). Both HEXO2A-GFP and HEXO2B-GFP give a clear outline of the epidermal cells, although other subcellular structures/organelles are visible as well. Still, the outline of the epidermal cells is more distinct upon the expression of HEXO2B-GFP. At higher magnification, we observed two parallel outlines of the epidermal cells for HEXO2B-GFP with no fluorescence between the cells. Based on the fact that HEXO2B-GFP could not be retrieved from the apoplast (Figure 2A) and has a predicted transmembrane domain, we hypothesized that HEXO2B localizes in the plasma membrane. For this reason, we examined the subcellular localization of mCherry-fused formin upon transient expression, which is a membrane-bound protein from Arabidopsis. Formin-mCherry clearly delineates the border of the epidermal cells and, at higher magnification, looks similar to HEXO2B-GFP. We therefore suggest that HEXO2B is a membrane bound enzyme. Finally, HEXO3A-RFP clearly marks the boundary of epidermal cells, which is indicative for its apoplastic localization as previously reported (Shin et al., 2017). In comparison, HEXO3B-GFP localization was not as distinctive as seen for HEXO3A-RFP. The outline of the epidermal cells is less clear and other subcellular structures/organelles are visible as well.


[image: image]

FIGURE 3. Subcellular localization of Nicotiana benthamiana HEXOs. GFP- or RFP-tagged HEXOs or formin-mCherry (used as plasma membrane marker) were transiently expressed in N. benthamiana leaves. Whole mount confocal microscopy pictures were taken at 3 days post infiltration. For each construct overview pictures are given (scale bar of 20 μm) and a picture at higher magnification underneath (scale bar 5 μm).




HEXO1A and HEXO3A Are Responsible for the Formation of Paucimannosidic Glycans

For functional characterization of N. benthamiana HEXOs, we first co-expressed individual HEXO genes with kappa-5 as a carrier protein for complex N-glycans with terminal GlcNAc residues (GnGnXF3; Wilbers et al., 2017). Kappa-5 was then extracted from the apoplast and analyzed with the GSL-II lectin, which binds terminal GlcNAc residues. As expected, GSL-II binds strongly to the N-glycans of kappa-5 expressed in wild-type plants (Figure 4A). Upon co-expression of individual HEXOs, the signal for GSL-II binding dropped for HEXO1A and to an even stronger extent for HEXO3A. Co-expression of HEXO2A, HEXO2B, or HEXO3B did not affect the binding of GSL-II to the N-glycans on kappa-5.
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FIGURE 4. Cleavage of terminal GlcNAc residues by N. benthamiana HEXOs. Kappa-5 was co-expressed with p19 and different HEXO genes in wild-type plants. After isolation of the apoplast fluid (at 6 dpi) the glycan composition of kappa-5 was analyzed. (A) Griffonia simplicifolia lectin II (GSL-II) binding assay for detection of terminal GlcNAc. Lectin binding is measured as absorbance at 450 nm. (B–D) Kappa-5 was purified from the apoplast fluid and the N-glycan composition was analyzed by MALDI-TOF-MS. MS profiles are given for N-glycans of wild-type kappa-5 (B) or upon co-expression of HEXO1A (C) or HEXO3A (D). m/z refers to mass-to-charge ratio.


Mass spectrometric (MS) analysis on PNGase A released N-glycans from purified kappa-5 was then performed to confirm the cleavage of terminal GlcNAc residues. PNGase A was used because it releases all N-glycans from glycopeptides and therefore includes core α1,3-fucosylated N-glycans. As expected, the major N-glycan found on kappa-5 produced in wild-type plants was the GnGnXF3 structure (Figure 4B). Two other peaks are visible as well and represent N-glycans of kappa-5 that are processed by endogenous HEXOs. Upon co-expression of HEXO1A, only a small fraction of the N-glycans carried a single terminal GlcNAc residue and the majority was trimmed down to paucimannosidic (MMXF3) N-glycans (Figure 4C). Co-expression of HEXO3A resulted in a complete lack of GnGnXF3 glycans on kappa-5 (Figure 4D), which coincides with the stronger drop in GSL-II binding (Figure 4A). Altogether, we conclude that only HEXO1A and HEXO3A are responsible for the formation of paucimannosidic N-glycans.



HEXO2B and HEXO3A Are Responsible for Trimming GalNAc Residues of N-glycans

To investigate whether HEXOs from N. benthamiana are able to cleave GalNAc residues from N-glycans, we co-expressed kappa-5 with GalNAcT from C. elegans (CeGalNAcT) in wild-type N. benthamiana plants in order to synthesize β1,4-GalNAc extended N-glycan branches (LDN-glycans). Individual HEXOs were then co-expressed to screen for cleavage activity toward LDN-glycans on kappa-5. Kappa-5 was extracted from the leaf apoplast and analyzed for the presence of LDN-glycans with the SBA lectin, which binds terminal GalNAc residues. As expected, SBA bound strongly to the N-glycans of kappa-5 upon co-expression of CeGalNAcT (Figure 5A). Interestingly, the binding of SBA was strongly reduced upon co-expression of HEXO2B or HEXO3A, which indicates their ability to cleave LDN-glycans.
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FIGURE 5. Cleavage of engineered LDN motifs by N. benthamiana HEXOs. Kappa-5 was co-expressed with p19, CeGalNAcT and different HEXO genes in wild-type plants. After isolation of the apoplast fluid (at 6 dpi) the presence of the LDN motif on kappa-5 N-glycans was analyzed. (A) Soybean agglutinin (SBA) binding assay for detection of terminal GalNAc. Lectin binding is measured as absorbance at 450 nm. (B–D) Kappa-5 was purified from the apoplast fluid and the N-glycan composition was analyzed by MALDI-TOF-MS. MS profiles are given for N-glycans of kappa-5 upon co-expression of GalNAcT only (B), or combined with co-expression of HEXO2B (C), or HEXO3A (D). When a MS peak represents multiple N-glycan structures of identical mass, the possible positions of these sugar residues on the N-glycan are indicated between brackets. m/z refers to mass-to-charge ratio.


Mass spectrometric analysis on PNGase A released N-glycans from purified kappa-5 was then performed to confirm the cleavage of terminal GalNAc residues. Figure 5B illustrates a N-glycan profile for kappa-5 N-glycans upon engineering of LDN as was previously published (Wilbers et al., 2017). Enzymatic treatment with a specific β-N-acetyl-glucosaminidase was included to confirm the proportion of LDN in each sample (Supplementary Figure 4D). Upon co-expression of HEXO2B or HEXO3A we did no longer detect LDN motifs (Figures 5C,D, respectively). These data also reveal distinct substrate specificities for N. benthamiana HEXOs, where HEXO2B solely cleaves of GalNAc residues and HEXO3A trims down N-glycans completely to paucimannosidic structures. Furthermore, we confirmed that HEXO1A does not cleave GalNAc (Supplementary Figure 5) and therefore seems to be specific for GlcNAc residues on N-glycans.

Altogether, we conclude that HEXO2B and HEXO3A are responsible for trimming down LDN-glycans of kappa-5 in N. benthamiana.



Simultaneous Knockdown of HEXO2 and HEXO3 by RNAi Is Not Sufficient to Improve the Synthesis of LDN-Glycans

In order to optimize the glyco-engineering of N-glycans carrying the helminth glycan motif LDN, we attempted to transiently silence HEXO2 and/or HEXO3 genes with hairpin constructs. We co-expressed kappa-5, CeGalNAcT and different hairpin constructs [targeting HEXO2 (Δ2), HEXO3 (Δ3), or both (Δ2/3)] in wild-type plants. In addition, we overexpressed HEXO2B or HEXO3A in order to check for silencing specificity. Kappa-5 was extracted from the leaf apoplast and screened for the presence of LDN motifs with the SBA lectin. As expected, over-expression of either HEXO2B or HEXO3A greatly reduces the binding of SBA to the N-glycans of kappa-5 after LDN engineering. The activity of both enzymes was efficiently neutralized by co-expression of different hairpin constructs (Figure 6A). This experiment reveals that the hairpin constructs targeting a single HEXO gene are highly specific since they only block the activity of their respective targets. Additionally, the hairpin construct targeting both HEXO2 and HEXO3 seems to block the activity of over-expressed HEXOs most efficiently.
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FIGURE 6. Transient silencing of HEXO2 and HEXO3. Kappa-5 was co-expressed with CeGalNAcT and constructs targeting HEXO2 (Δ2), HEXO3 (Δ3), or both (Δ2/3). The samples are grouped in three blocks depending on whether a HEXO variant (2B or 3A) was co-expressed. Control samples where a particular construct is not co-infiltrated is indicated as well (–). After isolation of the apoplast fluid (at 5 dpi) the presence of the LDN motif on kappa-5 N-glycans was analyzed. (A) Soybean agglutinin (SBA) binding assay for detection of terminal GalNAc. Lectin binding is measured as absorbance at 450 nm. (B,C) Kappa-5 was purified from the apoplast fluid and the N-glycan composition was analyzed by MALDI-TOF-MS. MS profiles are given for glucosaminidase treated N-glycans of kappa-5 upon co-expression of GalNAcT only (B) or combined with the hairpin construct targeting HEXO2 and HEXO3 (Δ2/Δ3; C). m/z refers to mass-to-charge ratio.


In the setting of LDN-glycan engineering (in the absence of HEXO over-expression), it appears that SBA binding to kappa-5 LDN-glycans increases slightly upon co-expression of the Δ2 and Δ2/Δ3 hairpin constructs (Figure 6A). This could suggest that HEXO2B plays a larger role in cleaving GalNAc residues than HEXO3A. However, when analyzing the presence of LDN on kappa-5 N-glycans by MS we did not observe an improvement of LDN synthesis (Figures 6B,C). The MS profiles are given for kappa5 LDN-glycans with or without co-expression the Δ2/Δ3 hairpin construct (after β-N-acetyl-glucosaminidase treatment). Both MS profiles showed a similar LDN content on kappa-5 and show that simultaneous knock-down of HEXO2 and HEXO3 is not sufficient to improve LDN-glycan synthesis.



DISCUSSION

Nicotiana benthamiana has become an established expression system for recombinant proteins with therapeutic value (Stoger et al., 2014). In addition, N. benthamiana offers a highly versatile expression platform for the production of glycoproteins when it comes to engineering tailor-made human N-glycans (Bosch et al., 2013; Montero-Morales and Steinkellner, 2018) and more recently for N-glycans of parasitic helminths (Wilbers et al., 2017). Upon expression in plants, undesired processing of N-glycans on glycoproteins can occur by β-hexosamindases (HEXOs) along the secretory pathway. We have previously hypothesized that both GlcNAc and GalNAc residues of LDN-glycans can be targeted by HEXOs in N. benthamiana. In this study, we investigated if HEXOs of N. benthamiana are responsible for the trimming of GalNAc residues from LDN-glycans on apoplast glycoproteins. Therefore, we cloned novel HEXO ORFs from N. benthamiana and expressed them transiently alongside kappa-5 as a carrier glycoprotein for engineered LDN-glycans. With this approach we were able to identify HEXO2 and HEXO3 as enzymes capable of trimming down LDN-glycans, where HEXO2 has strict specificity for GalNAc residues and HEXO3 cleaves both GlcNAc and GalNAc.

To identify HEXO enzymes from N. benthamiana responsible for the cleavage of LDN-glycans, we first amplified HEXO1, HEXO2, and HEXO3 ORFs to get a complete overview of tobacco orthologs in this enzyme family. Because of the allotetraploid nature of the N. benthamiana genome (Bombarely et al., 2012) we expected to find two orthologous ORFs for each HEXO variant described in A. thaliana (AtHEXO1-3). Previous work by Shin et al. (2017) already described two HEXO ORFs, which are referred to as HEXO1A and HEXO3A in our study. In addition to HEXO1A and HEXO3A, we retrieved two novel ORFs for HEXO2 (HEXO2A and HEXO2B) and an additional HEXO3 ORF (HEXO3B). A likely reason why a HEXO1B ORF could not be retrieved is that the coding region for the first 143 amino acids is missing in the genomic context of this ortholog. The DNA encoding these 143 amino acids can be traced back to a contig and could be located on a different position in the genome due to a recombination event. This suggests that after duplication of the genome only the HEXO1A gene has remained intact and is sufficient to perform its activity. Similarly, our study reveals that for HEXO2 and HEXO3 orthologs, only HEXO2B and HEXO3A encode active enzymes. Therefore, duplicated HEXO genes seem to have lost their function during the course of evolution.

β-hexosaminidase activity in plants is largely restricted by their localization and leads to the formation of paucimannosidic (MMXF3) N-glycans in either the vacuole by HEXO1 or in the apoplast by HEXO3 (Strasser et al., 2007; Liebminger et al., 2011; Shin et al., 2017). Even though HEXO1 activity is normally restricted to the vacuole we observed that the processing of kappa-5 N-glycans to paucimannosidic structures is almost complete upon over-expression of HEXO1A. HEXOs travel through the Golgi to reach their destination (Strasser et al., 2007), and it has been shown that both HEXO1A and HEXO3A have Golgi-processed N-glycans (Shin et al., 2017). In the case of HEXO1A, it would therefore be possible that GlcNAc cleavage of N-glycans already occurs prior to the secretion of kappa-5. However, upon over-expression, we also detect a significant amount of HEXO1A in the apoplast. HEXO1A could leak into the apoplast when there is simply too much enzyme produced and transport to vacuole becomes overloaded. In addition to GlcNAc processing, the N-glycans of kappa-5 are also cleaved by HEXOs upon engineering of LDN-glycans. Our study shows that HEXO2B and HEXO3A are able to cleave GalNc and this coincides with their localization. HEXO2B likely acts on the N-glycans of kappa-5 as a membrane-bound enzyme with an apoplastically localized catalytic domain. As mentioned, HEXO3A travels through the secretory pathway to apoplast, where it can act on the LDN-glycans of kappa-5 as well. The processing of kappa-5 N-glycans could therefore occur along the entire secretory pathway.

Activity of HEXOs toward N-glycans on different glycoproteins can vary, which is illustrated previously by the production of human IL-22, venom allergen-like protein 1 (VAL-1) from Brugia malayi, VAL-4 from Heligmosomoides polygyrus and S. mansoni secreted egg antigens omega-1 and kappa-5 in N. benthamiana (Wilbers et al., 2016, 2017; Asojo et al., 2018; Darwiche et al., 2018). All these proteins have previously been expressed and purified from wild-type N. benthamiana plants using the same apoplast expression strategy. Yet, even though these glycoproteins were isolated from the same subcellular compartment they all carry N-glycans with a different composition of HEXO processed N-glycans (MMXF3, GnMXF3, or GnGnXF3). For example, the N-glycans of omega-1 are completely paucimannosidic (MMXF3) upon transient expression in wild-type N. benthamiana, whereas the N-glycans on kappa-5 seem to be resistant to HEXO activity as the majority of these N-glycans carry terminal GlcNAc residues (GnGnXF3; Wilbers et al., 2017). In this study, we now also demonstrate that transient over-expression of HEXO1A or HEXO3A results in the (almost) complete processing of seemingly “HEXO-resistant” N-glycans on kappa-5 to paucimannosidic glycans. Processing of N-glycans by HEXOs is therefore not only dependent on N-glycan accessibility, but also on the expression level of HEXOs themselves.

Dual specificity of HEXOs toward GlcNAc and GalNAc residues lies within their name, but so far plant HEXOs have been shown to have a strong preference for chemically synthesized GlcNAc substrates (Strasser et al., 2007). In plants, HEXO1 and HEXO3 contribute equally to the formation of paucimannosidic N-glycans (Liebminger et al., 2011; Shin et al., 2017). HEXO1 constitutes 90% of activity for soluble HEXOs, and HEXO3 activity is mainly found in the insoluble fraction (Liebminger et al., 2011). Furthermore, there does not seem to be a preference for processing of GlcNAc residues from different N-glycan arms in plants (Gutternigg et al., 2007; Strasser et al., 2007), which is further illustrated in our study by the complete processing of kappa-5 N-glycans after over-expressing tobacco HEXO1A or HEXO3A. This is in contrast to some HEXOs from invertebrate animals, like HEX-2 and HEX-3 from C. elegans and FDL HEXO from Drosophila melanogaster. They only process the GlcNAc residue from the α1,6-arm of N-glycans, thereby generating GnM structures (Gutternigg et al., 2007). Although the processing of GlcNAc residues from N-glycans is well described for HEXOs in plants, no reports exist on the processing of GalNAc from N-glycans by these enzymes. Our study is the first to investigate the ability of plant HEXOs to process complex LDN-glycans and reveals that tobacco HEXO2B and HEXO3A are able to process LDN, where HEXO2 has strict specificity for GalNAc residues. A similar observation has been made for HEXOs from C. elegans and their ability to process LDN-glycans (Léonard et al., 2006; Gutternigg et al., 2007; Dragosits et al., 2015). This work demonstrated that HEX-2 and HEX-3 cleave both GlcNAc and GalNAc from LDN-glycans, whereas HEX-4 and HEX-5 strictly cleave GalNAc residues. In contrast, D. melanogaster FDL shows no activity toward LDN-glycans (Dragosits et al., 2015). Regarding substrate specificity for GlcNAc and/or GalNAc residues on N-glycans, tobacco HEXO2B is very similar to HEX-4 and HEX-5 with strict galactosaminidase activity. On the other hand, HEXO3A activity resembles the activity of HEX-2 and HEX-3 and is a true hexosaminidase when it comes to processing N-glycans. The inability of tobacco HEXO1A to process LDN-glycans makes it similar to FDL from D. melanogaster with strict glucosaminidase activity toward N-glycan substrates (Léonard et al., 2006; Dragosits et al., 2015).

The ability of plant HEXOs to cleave the monosaccharide GalNAc is quite remarkable, since to our knowledge no endogenous polysaccharide substrates containing GalNAc exist in plants. So far, incorporation of GalNAc into N- or O-glycans has only been documented for glyco-engineered plants (Castilho et al., 2012; Yang et al., 2012; Wilbers et al., 2017). The ability of HEXO2B and HEXO3A to process non-endogenous glycans hints toward a role in defense against invading organisms that do have LDN-glycans. The interplay of pathogen/parasite-associated glycans with plant immunity is a fairly unexplored research area, which is in contrast to the strong focus on glycans in research regarding animal parasitic worms (Hokke and Yazdanbakhsh, 2005; Tundup et al., 2012). A role for HEXOs in plant defense responses is further supported by the chitinolytic activity of several plant HEXOs (Gutternigg et al., 2007; Strasser et al., 2007; Ryšlavá et al., 2014; Hyskova, 2015). Where the chitinolytic activity of HEXOs in other organisms could play a role in the turnover of chitin in the cell wall (fungi), exoskeleton (insects), or cuticle (nematodes), plants might employ these enzymes to protect themselves against the constant threat of fungi, insects, and nematodes. These observations could open up a new research area where the role of pathogen- or parasite-associated glycans in the host–parasite interface would be the target of investigation.

The ultimate goal of this study was to improve the engineering of LDN-glycans in plants by identifying the HEXO orthologs of N. benthamiana responsible for GalNAc cleavage. After identifying HEXO2 and HEXO3 as candidate enzymes, we employed RNAi-mediated knock-down of these genes to block the undesired processing of LDN-glycans. Unfortunately, in our experimental set-up, we were not able to improve the synthesis of LDN-glycans after simultaneous knock-down of HEXO2 and HEXO3. This was somewhat unexpected, since the Δ3 hairpin construct was previously used to effectively reduce the formation of paucimannosidic N-glycans on α1-antitrypsin (A1AT; Shin et al., 2017). However, the efficacy of this hairpin construct is dependent on the glycopeptide of A1AT that is analyzed and seems to be lower when analyzing the N-glycan composition of total apoplast proteins. In this set-up, it would still be possible that HEXO1 (instead of HEXO3) processes GlcNAc residues from N-glycans of glycoproteins before they reach the apoplast (as discussed before) or that transient knock-down is simply not sufficient to completely abolish HEXO3 activity in the apoplast. As the processing of N-glycans by HEXOs seems to be dependent on the target protein, N-glycan accessibility, and HEXO expression, it would be best to completely knock-out the hexo genes responsible for undesired N-glycan processing.

In conclusion, we reveal a novel role for plant HEXOs in the processing of N-glycans on apoplastic glycoproteins. Furthermore, this is the first report to describe a biochemical role for HEXO2 in an in vivo setting. The identification of HEXO2 and HEXO3 as major targets for LDN cleavage could enable an effective strategy to reduce undesired processing of these N-glycans post secretion. Effective knockout of HEXO enzymes by genome editing approaches will optimize the plant-based production of therapeutically relevant glycoproteins with tailor-made helminth N-glycans in plants.
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Supplementary Figure 1 | Amino acid sequence alignment (Clustal Omega) of A. thaliana HEXO1, predicted open reading frames (ORFs) of HEXO1 orthologs from the Sol Genomics Network draft genome for N. benthamiana (v1.0.1) and retrieved HEXO1 ORFs from Shin et al. (2017). For one predicted ORF, the sequences of Niben101Ctg15557g00001.1 (highlighted in orange) and Niben101Scf10015g07014.1 were combined.

Supplementary Figure 2 | Amino acid sequence alignment (Clustal Omega) of A. thaliana HEXO2, predicted open reading frames (ORFs) of HEXO2 orthologs from the Sol Genomics Network draft genome for N. benthamiana (v1.0.1) and retrieved HEXO2 ORFs in this study. For one predicted ORF we combined the sequences of Niben101Scf15928g00003.1 and Niben101Scf01151g00003.1.

Supplementary Figure 3 | Amino acid sequence alignment (Clustal Omega) of A. thaliana HEXO3, predicted open reading frames (ORFs) of HEXO3 orthologs from the Sol Genomics Network draft genome for N. benthamiana (v1.0.1) and retrieved HEXO3 ORFs from Shin et al. (2017) and this study.

Supplementary Figure 4 | HEXO2B substrate specificity. Kappa-5 was co-expressed with p19 and combinations of HEXO2B and/or CeGalNAcT in wild-type plants. Kappa-5 was purified from the apoplast fluid (at 6 dpi) and the N-glycan composition of kappa-5 was analyzed MALDI-TOF-MS. MS profiles are given for N-glycans of wild-type kappa-5 (a), kappa-5 with HEXO2B (b), kappa-5 with CeGalNAcT (c), and kappa-5 with CeGalNAcT and HEXO2B (d). To distinguish terminal GlcNAc and GalNAc residues we treated the N-glycans with glucosaminidase for which the substrate specificity is indicated in the dashed box. When a MS peak represents multiple N-glycan structures of identical mass, the possible positions of these sugar residues on the N-glycan are indicated between brackets.

Supplementary Figure 5 | HEXO1A substrate specificity. Kappa-5 was co-expressed with p19, CeGalNAcT and with/without HEXO1A in wild-type plants. Kappa-5 was purified from the apoplast fluid (at 6 dpi) and the N-glycan composition of kappa-5 was analyzed MALDI-TOF-MS. MS profiles are given for N-glycans of kappa-5 with CeGalNAcT (a) and kappa-5 with CeGalNAcT and HEXO1A (b). To distinguish terminal GlcNAc and GalNAc residues we treated the N-glycans with glucosaminidase for which the substrate specificity is indicated in the dashed box. When a MS peak represents multiple N-glycan structures of identical mass, the possible positions of these sugar residues on the N-glycan are indicated between brackets.

Supplementary Figure 6 | Nucleotide sequence alignment (Clustal Omega) of HEXO2A, HEXO2B, and the target region of the Δ2 hairpin construct.

Supplementary Figure 7 | Nucleotide sequence alignment (Clustal Omega) of HEXO3A, HEXO3B, and the target region of the Δ3 hairpin construct.

Supplementary Table 1 | Primer overview. This table gives an overview of all the primers used in this study to perform 3′ RACE for HEXO2 orthologs and amplification of full-length HEXO open reading frames. Restriction sites used for subcloning are underlined. Capital letters refer to gene specific sequences.

Supplementary Table 2 | Overview of β-Hexosaminidases. This table gives an overview of HEXO sequences from Arabidopsis thaliana and Nicotiana benthamiana reported in literature and from this study. For each HEXO variant we provide the accession number, homology between the two plant species, information on whether the gene encodes a functional protein, size of the encoded protein, presence of a signal peptide for secretion (SP) and/or transmembrane domain (TMD), the cellular localisation, and literature citations. Sequence homology between Arabidopsis and Nicotiana orthologs was determined on amino acid level by using Clustal Omega alignments. The signal peptide was predicted by the SignalP server (v5) and the transmembrane domain was predicted by the TMHMM server v2.0. Y: yes; N: no.
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A wide range of proteins with diverse functions in development, defense, and stress responses are O-arabinosylated at hydroxyprolines (Hyps) within distinct amino acid motifs of continuous stretches of Hyps, as found in the structural cell wall extensins, or at non-continuous Hyps as, for example, found in small peptide hormones and a variety of plasma membrane proteins involved in signaling. Plant O-glycosylation relies on hydroxylation of Prolines to Hyps in the protein backbone, mediated by prolyl-4-hydroxylase (P4H) which is followed by O-glycosylation of the Hyp C4-OH group by either galactosyltransferases (GalTs) or arabinofuranosyltranferases (ArafTs) yielding either Hyp-galactosylation or Hyp-arabinosylation. A subset of the P4H enzymes with putative preference to hydroxylation of continuous prolines and presumably all ArafT enzymes needed for synthesis of the substituted arabinose chains of one to four arabinose units, have been identified and functionally characterized. Truncated root-hair phenotype is one common denominator of mutants of Hyp formation and Hyp-arabinosylation glycogenes, which act on diverse groups of O-glycosylated proteins, e.g., the small peptide hormones and cell wall extensins. Dissection of different substrate derived effects may not be regularly feasible and thus complicate translation from genotype to phenotype. Recently, lack of proper arabinosylation on arabinosylated proteins has been shown to influence their transport/fate in the secretory pathway, hinting to an additional layer of functionality of O-arabinosylation. Here, we provide an update on the prevalence and types of O-arabinosylated proteins and the enzymatic machinery responsible for their modifications.

Keywords: plant protein O-glycosylation, hydroxyproline-arabinosylation, secretory pathway, extensin, peptide hormone, plant allergens, arabinogalactan protein, hydroxyproline glycoprotein module


INTRODUCTION

Glycosylation of proteins is a common post-translational modification (PTM) on a large number of proteins across the domains of life. While some types of glycosylation, at least in part, are conserved broadly, others display more limited phylogenetic distributions. Specialization is particularly prominent for O-linked modifications where sugars are added to the oxygen present on mainly serine and threonine, or in the case of plants, hydroxyproline (Hyp). Hyp O-glycosylation takes place in the secretory pathway and occurs in two major forms, Hyp O-galactosylation and Hyp O-arabinosylation. Hyp-arabinosylation was first discovered in the structural cell wall glycoprotein family extensins (Lamport, 1963). It has since then been found in a number of unrelated families of proteins including small peptide hormones and (receptor) kinases. This review provides an update on recent insights in O-arabinosylation prevalence, functionality, and regulation. Some emphasis will be put on the role of glycosylation in correct protein processing and targeting that takes place in the secretory pathway. The importance of arabinosylation to cell wall sensing and signaling will also be covered.

Hyp-O-arabinosylation radically sets plant O-glycosylation apart from that of mammalian cells. In fact, a number of allergies in man are caused by plant allergens that feature Hyp-O-arabinosylation. This has implications: firstly, the prospect of using mammalian cells as a clean slate system for constructing plant O-arabinosylation in a host cell; secondly, spurious Hyp-O-arabinosylation of therapeutic human proteins when expressed in plants must be prevented for plant cells to become useful cell factories for therapeutic proteins (Gomord et al., 2010).



HYP-O-GLYCOSYLATED PROTEINS


Contiguous Hyp-O-Arabinosylation


Contiguous Hyp-O-arabinosylation refers to the class of glycosylation motifs originally discovered in extensins, see Figure 1A, and demonstrated to lead to serine α-galactosylation and core arabinosylation of Hyps with β-1,2-linked arabinofuranosides (Araf) of length 1-3 (Shpak et al., 1999; Kieliszewski, 2001). “Contiguous” alludes to the characteristic repetitive Ser-Hyp3+ that defines extensins. Hyp-Araf
3 may be further elongated with an α-linked Araf and occasionally a fifth arabinosyl residue of unknown regio- and stereochemistry (Mazau and Esquerretugaye, 1986; Møller et al., 2017). Arabinoside profiles are characteristic of a species (Lamport and Miller, 1971), yet vary between tissues (Estevez et al., 2006; Møller et al., 2017) and during development as recently shown in a study of developing cotton fiber cells (Guo et al., 2019). The glycosylation machinery, which we will return to below, is ancient at least considering the three β-linked residues that we refer to as the core structure (Figure 2), whereas the genes encoding the extensin polypeptides appear to be streptophyte inventions (MacAlister et al., 2016; Møller et al., 2017) with considerable structural variation across the plant kingdom; particularly with notable differences between grasses and other flowering plants (Carpita, 1996). Classical extensins feature a cross-linking motif comprising two Tyr residues that may be coupled oxidatively, both intra- and inter-chain (Mnich et al., 2020). The most important inter-chain cross-link is pulcherosine (Figure 1). The YVY cross-linking motif common to canonical EXTs (Figure 1) appears to be present in commelinid monocot leucine-rich repeat extensins (LRXs) but missing in the extensins of this group. Arabinoxylan-linked ferulic and p-coumaric acids have been proposed to replace extensins as cross linkers in these plants (Francoz et al., 2015).

[image: Figure 1]

FIGURE 1. Interchain phenolic cross-links in extensin. (A) Staggered partial alignment of Arabidopsis EXT3 with potential pulcherosine cross-links shaded in pink. (B) Chemical structure of the pulcherosine cross-link. The blue frame in (A) indicates the smallest extensin motif with experimentally validated arabinosylation (Beuder et al., 2020).
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FIGURE 2. Representative structures of Hyp-glycans. Some of the structural variation is indicated by enclosing repeat structures in square brackets followed by indices representing the range of replicates, where n means that the maximum is not known. Not all structural variations of arabinogalactans are shown. The representative Type-II structures were assembled from Tryfona et al. (2012) and Seifert (2020). Type-III structures and the dicot pollen allergens were derived from Leonard et al. (2005) and Leonard et al. (2010). The ordering of arabinoside side-chains in extensins is not known; hence, the choice of placing Hyp-Araf
4 toward the C-terminus of the motif is arbitrary. The structures shown are from Kieliszewski (2001).


Extensins play roles in cell wall architecture (Hijazi et al., 2014). They are basic proteins that interact with acidic pectic polymers (Cannon et al., 2008). In vitro studies suggest that proper glycosylation of extensins is required for acquiring the rod-like extended structures which are required for sequestering cell wall polymers and extensin cross-linking (see Figure 1; Vanholst and Varner, 1984; Stafstrom and Staehelin, 1986). A hypothesis has been presented for their mode of insertion by reptation into the wall orthogonally to the plasma membrane (Kieliszewski et al., 2011). Extensins are used for wall repair, e.g., following pathogen attack (Showalter et al., 1991) but are also secreted in mucilage to play roles in non-pathogenic microbial interactions (Castilleux et al., 2018) and during cell plate formation.

Extensin cross-linking is catalyzed by peroxidases (Schnabelrauch et al., 1996) and positioning of the flanking Tyr residues, as well as the glycan structure, are integral to the process: the importance of extensin O-glycosylation (Gille et al., 2009), and in particular the fourth Araf residue, for cross-linking has been substantiated via in vitro studies, which demonstrated that the initial rate of cross-linking was primarily determined by the number of cross-linking motifs (Figure 1) in the protein backbone and by Hyp-Araf
4 (Chen et al., 2015). Complete removal of the fourth Araf through knockout of the Extensin Arabinose Deficient (ExAD) gene in Arabidopsis, however, displayed no visible phenotypic effects (Møller et al., 2017). Actual cross-linking at the molecular level was not examined.


Schnabelrauch et al. (1996) showed that de-glycosylated extensin monomers were not cross-linked in vitro by extensin peroxidase from tomato cell culture medium substantiating the role for arabinosylation in extensin self-assembly and cross-linking. Recently, two extensin peroxidases have been identified and demonstrated to be essential to tapetum and pollen development (Jacobowitz et al., 2019). Interestingly, the two enzymes belong to the related F and C clades of peroxidases and are not very similar to previously known extensin peroxidases from Vitis and tomato (M clade), and French bean and lupin (A clade) (Mnich et al., 2020).

Covalent linkages between the different polymer classes, hemicelluloses, pectins, and hydroxyproline-rich glycoproteins (HRGP), were central to the earliest cell wall models (Keegstra et al., 1973), and then less appreciated (Talbott and Ray, 1992; Carpita and Gibeaut, 1993) but growing evidence for the occurrence of covalent cross-links between polymers has to be taken into account in cell wall analysis (Fry, 2011). Cross-links between pectic polymers and extensin have been demonstrated in sugarbeet (Nunez et al., 2009) and cotton (Qi et al., 1995) but the type of linkage is unknown.

Arabinosylation of extensins is essential for root hair integrity and the root hair phenotypes played a key role in the characterization of the arabinosylation mutants (Velasquez et al., 2011), see below. Whether similar defects occur in less easily observable cells featuring diffuse growth is an open question. Generalizing from root hairs to the larger class of tip growing cells should be done with caution as their cell wall compositions differ considerably. Root hairs contain high levels of cellulose, while pollen tubes produce little cellulose, but abundant callose (Park et al., 2011; Akkerman et al., 2012; Chebli et al., 2012). Root hairs also contain an acidic xyloglucan that is important for normal development (Pena et al., 2012) that does not occur in pollen tubes (Dardelle et al., 2010). In general, xyloglucan mutants show root hair growth defects, while pollen tubes appear to be unaffected (Cavalier et al., 2008), even though pollen tubes do contain xyloglucan (Lampugnani et al., 2013).

Despite the differences in their cell wall organization (Chebli et al., 2012), pollen tubes are also dependent on Hyp-arabinosylation (Ogawa-Ohnishi et al., 2013; MacAlister et al., 2016). Double mutants of Arabidopsis hpat1 and hpat3 (Hyp-arabinosyltransferases, see below) display severe male fertility defects due to compromised pollen tube cell wall polarity (Beuder et al., 2020). A recent genetic screen for suppressors of the hpat pollen phenotype identified mutants in the late stages of the secretory pathway, specifically in the vesicle-tethering exocyst complex. Beuder et al. (2020) found that hpat pollen tubes had increased rates of HPAT-modified protein secretion compared to WT pollen tubes and the rate of secretion was reduced in the suppressed line to near WT levels. This observation is consistent with a “toxic” effect of increased secretion of un-arabinosylated proteins. Which specific HPAT-target protein(s) may be responsible is unknown, but candidates include the canonical extensins or other proteins carrying Hyp-O-arabinosylation sites (see below).

Extensins are members of the HRGP superfamily which also comprises the lightly glycosylated proline-rich proteins (PRPs) and the often very heavily glycosylated arabinogalactan proteins (AGPs, see Figure 2). Early studies revealed that AGPs to be differentially and transiently expressed during embryogenesis in oilseed rape (Pennell et al., 1991) and are also implicated in somatic embryogenesis (Kreuger and Vanholst, 1993) suggesting roles in differentiation, cell identity, and cell-cell interaction. Examination of AGPs in carrot root similarly points to roles in differentiation (Knox et al., 1991). The glycan structure of AGPs is important as documented by the requirement of a fucosylated AGP for root cell expansion (van Hengel and Roberts, 2002). AGPs are important to growth of pollen tubes and more precisely in the endosomal transport that is essential to tip growth, reviewed in Dehors et al. (2019). Glycosylation sites in AGPs are of the clustered non-contiguous Hyp O-galactosylation type. The glycans are β-1,3-galactans featuring β-1,6-linked galactan side-chains and further decorated with rhamnose, (Me-)glucuronic acid, arabinose, and fucose (Figure 2; Tryfona et al., 2012). AGPs were reviewed recently (Seifert, 2020). One of the subfamilies, referred to as hybrid in a newly updated HRGP classification scheme (Liu et al., 2020), comprises both sites for clustered non-contiguous Hyp O-galactosylation and sites for contiguous Hyp O-arabinosylation and is thus included here.

While hybrid HRGPs refer to proteins featuring domains from more than one HRGP sub-family, chimeric HRGPs comprise one type of HRGP domain plus domains from another gene family (Liu et al., 2020). A wide variety of protein families fall into this class.

The updated HRGP classification comprises the following sub-classes of chimeric proteins with extensin domains: LRXs, proline-rich extensin-like receptor kinases (PERKs), formin-homolog EXTs (FH EXTs), and other chimeric EXTs.

The Arabidopsis genome encodes four LRXs involved in pollen and pollen tube development and seven that are expressed in vegetative tissues (Fabrice et al., 2018). LRX proteins function via the binding of their LRR domain to rapid alkalinization factors (RALF) signaling peptides and Catharanthus roseus receptor-like kinase1-like (CrRLK1L) proteins to monitor cell wall integrity (Blackburn et al., 2020; Herger et al., 2020; Moussu et al., 2020). The EXT-like domain of Arabidopsis LRX1 is required for its insolubilization in the cell wall and is essential for its function in root hair elongation (Ringli, 2010).

The molecular function of the PERK family is less well understood. AtPERK4 is involved in the response to the plant hormone abscisic acid and its kinase activity is activated by abscisic acid and calcium (Bai et al., 2009). Many PERKs are expressed primarily or exclusively in pollen and pollen tubes, but not all PERKs play roles in pollen development and in cell wall sensing (Chen et al., 2020), i.e., monitoring cell wall stresses during cell expansion, for example, but roles in responding to wounding and pathogens are also documented (Qanmber et al., 2019).

The intercellular part of formin-homolog EXTs interacts with actin and is thus another good candidate for coordinating the cell wall to the cell interior (Borassi et al., 2016). The EXT-like extracellular domain of Arabidopsis FH1 has been shown to physically interact with the cell wall, limiting its lateral mobility at the plasma membrane (Martiniere et al., 2011). Other members of this family are required for proper root hair and pollen tube elongation (Cheung et al., 2010; Huang et al., 2013; Lan et al., 2018), suggesting a possible role in coordinating a polarized actin cytoskeleton and a polarized cell wall during tip growth.

It is broadly accepted that the occurrence of the SP3+ motif is sufficient for Pro hydroxylation and O-arabinosylation but glycosylation of these domains in EXT chimeras has not been validated experimentally as far as we are aware.

Solanaceous lectins fall in the category of other chimeric. They feature chitin-binding domains interspaced with heavily glycosylated extensin-like regions (Kieliszewski et al., 1994). Roles in pathogen defense are inferred from the chitin affinity and in a few cases also documented (Chen et al., 2018). Their evolutionary origin is a conundrum: tomato (Oguri et al., 2008) and potato lectin (Van Damme et al., 2004) are closely related but their domain organization is quite different. Smaller differences in lectin specificity are inferred from in silico analyses (Jain et al., 2020).

Finally, two pollen allergens are considered which also fall in the category of other chimeric due to the presence of a defensin domain. Defensins are evolutionary ancient peptides involved in innate immunity. These allergens are also hybrid as they feature both non-contiguous Hyp O-galactosylation and sites for contiguous Hyp O-arabinosylation. The structures to be discussed are shown in Figure 2. Mugwort, Artemisia vulgaris Art v 1 (Himly et al., 2002), and short ragweed, Ambrosia artemisiifolia amb a 4 (Leonard et al., 2010), are both modular proteins featuring an N-terminal defensin-like and C-terminal hydroxyproline-rich domain. C-terminal SP3 motifs in Art v 1 are β-arabinosylated, often on adjacent Hyps while some non-contiguous Hyps carry Type-III arabinogalactans (see Figure 2; Leonard et al., 2005). Type III arabinogalactans feature a galactan backbone that carry branched α-linked arabinans. The backbone is β-1,6-linked in contrast to Type-II arabinogalactans (Figure 2) of standard AGPs, yet, it is Yariv binding. If the Hyp-Araf
1 side-chains are synthesized as such, it raises the question how they evade being elongated. Processing is an alternative (Guo et al., 2019), but while β-arabinofuranoside degradation is known from bacteria (Miyake et al., 2020; Saito et al., 2020), it remains to be discovered in plants. The ragweed allergen is related but differs in that the P3 motifs are preceded by an Ala rather than Ser, yet, the Hyps carry single, β-linked Araf just as the mugwort allergen. The Type III arabinogalactans are also different in that the galactan backbone is of length 1 and some of the α-arabinan side-chains are capped with a β-linked Araf. If α-arabinan capping is more wide-spread, and then the Ray1 gene (Gille et al., 2013), characterized in Arabidopsis, may encode a candidate GT for transferring the terminal β-linked Araf.



Non-contiguous Hyp O-Arabinosylation

Non-contiguous Hyp O-arabinosylation refers to synthesis of the Araf
3 core structure onto Hyps that are not derived from the typical SP3+ motif. The core structure is never elongated with a fourth α-linked Araf (Figure 3). Hyp-Araf
3 is found on a number of diverse proteins.
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FIGURE 3. Glycosyltransferases involved in serine galactosylation and in Hyp arabinosylation, named after their mutant phenotype in Arabidopsis or screen in which the GT was identified (AtXEG113). AtSGT and AtExAD are specific to extensins, while the β-ArafTs have a wide selection of substrates. SGT, serine galactosyltransferase; HPAT1-3, hydroxyproline arbinosyltransferase 1-3; RRA1-3, reduced residual arabinose 1-3; XEG113, xyloglucan endoglucanase 113; ExAD, extensin deficient arabinose. The ortholog to AtXEG113 in tomato is the fasciated and branched 2, fab2, mutant (Xu et al., 2015).


A number of small peptide hormones and certain other allergens fall under this heading. Genome and transcriptome analyses have identified more than 1,000 potential peptide hormones in Arabidopsis (Lease and Walker, 2006; Matsubayashi, 2014). Several PTMs are regularly required for peptide maturation and function. Most peptide hormones thus undergo PTM modifications and hydroxyproline arabinosylation and sulfation of tyrosine residues, for example, has been documented in a few instances. CLAVATA3 (CLV3) is part of a network involved in stem cell maintenance and differentiation in meristems (Clark et al., 1996; Schoof et al., 2000) and it features a single Hyp-Araf
3 side-chain (Ohyama et al., 2009). Loss of CLV3 results in disruption of the meristem size control pathway leading to a progressive increase in meristem size referred to as fasciation (Clark et al., 1995). In one study in tomato where the initiating and elongating arabinosyltransferases acting on CLV3 were knocked out by gene editing, the most severe fasciation resulted from the knockout of the initiating arabinosyltransferase, i.e., plants lacking the entire tri-arabinoside (Xu et al., 2015). The phenotype could only be rescued by arabinosylated CLV3, demonstrating that arabinosylation of CLV3 is important for its function. “Weaker” meristem phenotypes were observed in mutants with truncated arabinosides, indicating that CLV3 must be fully arabinosylated for full activity (Xu et al., 2015). This conclusion is corroborated by in vitro studies using chemically synthesized differentially arabinosylated CLV3 peptides. CLV3/EMBRYO SURROUNDING REGION-related (CLE) peptides are related to CLV3 and several CLEs can complement clv3 knockouts (Ni and Clark, 2006) and for CLE2 Hyp O-arabinosylation was demonstrated and also that it is essential to function (Ohyama et al., 2009).

The small peptide hormone PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1 (PSY1) is a growth-promoting secreted tyrosine-sulfated glycopeptide whose receptor directly phosphorylates and activates the plasma membrane H+-ATPase, which results in acidification of the apoplastic space facilitating cell wall loosening and is, therefore, a key step in cell expansion (Fuglsang et al., 2014; Mahmood et al., 2014). The mature PSY1 features a sulfated Tyr and a single Hyp-Araf
3 side-chain (Amano et al., 2007).

C-TERMINALLY ENCODED PEPTIDE (CEP) is Hyp-glycosylated at Asp-Ser-Hyp-Gly-Val (Patel et al., 2018), CLV3 and CLE2 share Gly-Hyp-Asp-Pro as glycosylation site while PSY1 is glycosylated at the first Hyp of Val-Hyp-Hyp-Ser. A large data-set is required to define a common motif or a set of motifs that lead non-contiguous Hyp O-arabinosylation. Structural features and biological functions of the small peptide hormones have been reviewed extensively (Matsubayashi, 2011, 2014; Tavormina et al., 2015; Stuhrwohldt and Schaller, 2019).

A number of pollen allergens belong under this heading but differ from the peptide hormones in two respects: arabinosylation is not confined to the core structure, Hyp-Araf
3; shorter side-chains are also found but not Hyp-Araf
4. The occurrence of a β-expansin domain in some of these suggests roles in pollen-pistil interactions (Wang et al., 2016). Major allergens from ryegrass and Timothy grass, Lolium perenne 1 (Lol p 1) and Phleum pretense 1 (Phl p 1), are β-expansins (Li et al., 2003) while Phl p 5 features a pollen RNase domain (Bufe et al., 1995). Phl p 1 and 5 were experimentally shown to carry Hyp and Hyp-Araf
1-3 substitutions (Halim et al., 2015) and Lol p 1, a close homolog of Phl p 1, was shown to carry Hyp and likely Hyp substituted arabinosylation (Li et al., 2003).




BIOSYNTHETIC MACHINERY

The arabinosyltransferases (ArafTs) that catalyze Hyp-glycosylation are encoded by single genes or small gene families. There are three ArafTs in Arabidopsis that transfer the first and three that transfer the second β-linked Araf and only one ArafT for each of the third and fourth Araf, see Figure 3. This means that the diverse gene families considered above largely share the same glycosylation machinery. This raises questions regarding how Hyp-Ara1 in allergens and Hyp-Ara3 in peptide hormones evade further elongation; and it raises questions as to the recognition of glycosylation motifs. For the latter question the prolyl-4-hydroxylases (P4Hs), which insert the C4-OH group onto prolyl residues in the protein backbone, thus enabling recognition of appropriate Hyp glycosylation sites for the initiating GTs should be considered. The P4Hs are type II membrane anchored proteins and form a family with 13 members in Arabidopsis. Some insights in the labor division, i.e., substrate specificities, among the P4Hs have been documented. Consecutive Pro residues appear to be a favored motif for some P4Hs, and AtP4H5, -2, and -13 have been identified as involved in proline hydroxylation of cell wall extensins in vivo (Velasquez et al., 2011, 2015b). However, the widespread prevalence of Hyp residues without glycosylation necessitates that the initiating GTs also play roles in recognition of arabinosylation motifs.

ArafTs, both the enzymes that target the Hyps in the peptide backbone and those that elongate the glycan chains are Golgi localized type II membrane anchored proteins. The three hydroxyproline O-arabinosyltransferases, HPAT1-3 are founding members of CaZY-family GT95, identified and functionally characterized by Ogawa-Ohnishi et al. (2013). Family GT95 is related to family GT96 to which the extensin serine α-galactosyltransferase SGT1 belongs (Saito et al., 2014). Mutant data showed that HPAT1, HPAT2, and HPAT3 redundantly contribute to arabinosylation of the abundant extensin 3, EXT3, in Arabidopsis, and that at least subgroups of the CLE peptides are mainly arabinosylated by HPAT3. The three enzymes in Arabidopsis thus have overlapping but distinct target substrate preferences (Ogawa-Ohnishi et al., 2013). It would be tempting to guess that the role of the Ser-galactosylation would be to guide either the P4Hs or the arabinosyltransferases but the sgt-1 knockout mutant is unaffected in arabinosylation (Møller et al., 2017).

The β-arabinosyltransferases that add the second residue, reduced residual arabinose 1-3 (RRA1-3; Egelund et al., 2007; Velasquez et al., 2011), and the third residue, XEG113 (Gille et al., 2009), are all GT77 family proteins, see Figure 3, and are conserved over large phylogenetic distances. We have detected Hyp-Araf
3 in the prasinophyte Ostreococcus tauri (unpublished observation), as well as gene orthologues in sequenced Chlorophytes but not in Rhodophyte genomes (Ulvskov et al., 2013). Extensin arabinose deficient (ExAD; Møller et al., 2017) belongs to family GT47 and is responsible for transferring the fourth α-linked arabinosyl residue, see Figure 3. ExAD is probably neofunctionalised in streptophytes, as probable homologs exist in chlorophytes which do not feature the fourth Araf (Møller et al., 2017).



DISCUSSION: OUTSTANDING QUESTIONS AND FUTURE RESEARCH IN O-ARABINOSYLATION


Hyp O-Glycosylation Prevalence in Plants

Non-contiguous Hyp O-arabinosylation appears to be present on various proteins encoded by several gene families. The prevalence of this PTM is probably significant and its detection dependent on whether or how these PTMs were included in the glycoprotein analysis. The O-glycoproteome is likely to be markedly under-annotated especially with respect to number of glycosylation sites and perhaps also with respect to described structures (for some indications of the latter, see, for example, Leonard et al., 2005, 2010; Halim et al., 2015). Some initial strategies for identification of proteins prone to Hyp-glycosylation in intrinsically disordered proteins (IDPs) to which the HRGPs belong have been provided (Johnson et al., 2017), but general high throughput strategies have not been attempted. Recently high throughput system approaches, based on lectin glycopeptide/glycan enrichment and advanced Mass spec site specific glycosylation analysis, for assessing glycosylation in the mammalian proteome, have resulted in multiple doublings of the glycosylation sites, glycosylated proteins, and structures (reviewed in Schjoldager et al., 2020 and refs herein). For mammals, it is estimated that the vast majority of secretory proteins (>85%) are glycosylated (Zielinska et al., 2010; Steentoft et al., 2013) and most nuclear and cytoplasmic proteins undergo dynamic O-GlcNAcylation (Hart, 2019). Implementation of such strategies on the plant Hyp O-glycome is expected to yield similar insights, at least.



Protein Complexes in Biosynthesis

The sugar donor substrate for arabinosylation exists as UDP-Arap and thus requires a sugar ring contraction to produce UDP-Araf and eventually the structures discussed above. This reaction is catalyzed by neofunctionalized GT75s (Konishi et al., 2007). These proteins are cytosolic but associated with the Golgi membrane (Dhugga et al., 1991), while the GTs are located in the secretory pathway. This calls for organization of the mutase, a transporter and the ArafTs on the luminal side of the Golgi membrane as analyzed in detail recently (Saqib et al., 2019).

There are also indications of protein complexes playing a role in Pro hydroxylation. It has been demonstrated that AtP4H5 may form homodimers and heterodimers with AtP4H2 and AtP4H13 in the Golgi and that P4Hs complexation may be required for prober localization and Pro hydroxylation (Velasquez et al., 2015a). Further studies are needed to validate these findings and potential complex-formation between initiating P4H and Hyp-glycosyltransferases though the reverse genetics and/or advanced protein-protein interaction techniques may be hampered by the high prevalence of isoenzyme redundancies in vivo. Defining sites for non-contiguous Hyp O-arabinosylation is a major research challenge and we expect that many more families of secreted proteins will be found to carry arabinosides.



Shared Glycosylation Pathways: Genotype to Phenotype

The degree to which the general Hyp-arabinosylation machinery (i.e., the P4Hs and ArafTs required for Hyp-arabinosylation) are shared between the classes of target proteins (i.e., contiguous and non-contiguous proline hydroxylation and Hyp-arabinosylation) is unclear. But, some cases of substrate preference have been reported. For example, when the CLE2 peptide was overexpressed in Arabidopsis hpat3-1 mutants, the peptide was largely detected in an un-arabinosylated form while when overexpressed in the hpat1-1 hpat2-1 double mutant, arabinosylation was maintained, suggesting that HPAT3 is primarily responsible for modification of this peptide, and presumably other CLE peptides. However, even within the CLE family, ArafTs may have substrate preferences. A Lotus japonicus putative HPAT, PLENTY helps regulate the number of nitrogen-fixing root nodules formed as part of the autoregulation of nodulation mechanism (Yoro et al., 2019). Other legume HPATs, i.e., ROOT DETERMINED NODULATION1 in Medicago truncatula and NOD3 in Pisum sativum serve the same role (Schnabel et al., 2011). Tri-arabinosylation is required for the nodule suppressing activity of pea CLE peptides, including suppression of the hypernodulation of nod3 mutants (Hastwell et al., 2019) and in Medicago wild type and rdn1 mutants. In L. japonicus, three CLE peptides (CLE-RS1, 2, and 3) are involved in autoregulation of nodulation (Okamoto et al., 2009; Nishida et al., 2016). Constitutive expression of CLE-RS1 and 2 could suppress the increased root nodule phenotype in plenty mutants, but overexpression of CLE-RS3 could not, suggesting that CLE-RS3 is dependent on PLENTY arabinosylation for function, but CLE-RS1 and 2 are not and thus may be arabinosylated by other HPATs (Yoro et al., 2019).

Despite potential target preferences, the Hyp-arabinosylation machinery is remarkably well conserved. Somewhat surprisingly, the phenotypic consequences of its disruption vary dramatically between species. In tomato, loss of the HPAT fasciated inflorescence (fin) results in severe meristem fasciation due to loss of arabinosylation of SlClv3. However, in Arabidopsis, fasciation does not result from loss of hpat activity (MacAlister et al., 2016). Although the fully glycosylated form of Clv3 (Araf
3-Clv3) has higher activity in Arabidopsis than the un-modified form when applied exogenously, the un-arabinosylated form is active (Shinohara and Matsubayashi, 2013; Kim et al., 2017). This difference between tomato and Arabidopsis might be a consequence of the selection for larger fruit and, therefore, larger meristems during tomato domestication leaving the size regulation mechanism already near its limit in tomato (Munos et al., 2011). Somewhat surprisingly, the total loss of Hyp-arabinoslyation through mutations of all three Arabidopsis HPAT genes is not lethal and does not result in a severe vegetative phenotype (MacAlister et al., 2016). The major phenotype of the triple mutants is a reduction in pollen fertility leading to reduced seed set (Beuder et al., 2020). Similarly, HPAT activity is not essential in the moss Physcomitrella patens where knockout of both HPATs resulted in increased biomass due to enhanced elongation of tip-growing vegetative filament cells (MacAlister et al., 2016). In these cases, which Hyp-arabinosylated proteins are responsible for the phenotype is difficult to determine.



Hyp O-Glycosylation in the Secretory Pathway: Novel Insights and Applicative Opportunities

Large-scale bioinformatics identification of EXTs across the plant kingdom indicates that most (76%) encode recognizable signal peptides and are, therefore, likely directed into the conventional secretory pathway (Liu et al., 2016). Signal peptides derived from EXT have been used to direct entry of heterologous proteins into the plant secretory pathway (De Loose et al., 1991; Beuder et al., 2020; Jiang et al., 2020). In addition to a signal peptide, the inclusion of plant O-glycosylation motifs can further enhance heterologous protein production in plant cells, via an unknown mechanism. Recently, Zhang et al. (2019) demonstrated significantly increased secreted protein yield for enhanced green fluorescence protein (EGFP) when fused to a HypGP module consisting of either 18 tandem repeats of an EXT-like “Ser-Hyp-Hyp-Hyp-Hyp” motif (SP4)18 or an AGP-like sequence of 32 tandem “Ser-Hyp” repeats (SP)32. When expressed in tobacco hairy root culture, the HypGP fused protein was recovered from the culture media at up to 56-fold greater levels compared to an EGFP control lacking a HypGP module. Similarly, Jiang et al. (2020) demonstrated increased secretion and improved solubility of human interferon gamma expressed in Nicotiana benthamiana when including a C-terminal AG-type glycomodule, (SP)10. The secretion of such HypGP tagged proteins is also highly influenced by nutrient availability, particularly the availability of nitrogen (Zhang et al., 2016). Interestingly, the lack of detectable partially glycosylated intermediates of the (SP4)18 glycomodule suggests that the rate-limiting step in arabinosylation is either transport to the Golgi or the initiation of arabinosylation with later steps proceeding quickly (Zhang et al., 2019). Work in tomato has demonstrated that the sequentially acting ArafTs required to modify the SlCLV3 peptide are spatial separated in the cis, medial, and trans Golgi in an order reflecting their order of action (Xu et al., 2015). This suggests a simple linear progression of modification as target proteins move through the Golgi. The observation of the increased rates of Hyp-arabinosylated protein secretion in hpat1 hpat3 double mutant pollen tubes (Beuder et al., 2020), suggests the existence of either as an active retention mechanism for partially glycosylated species (mutants fail to initiate glycosylation and thus lack the retention signal) or passive retention through the physical interaction between glycosylated proteins and the ArafTs modifying them until glycosylation is completed. Within the ER, N-linked glycosylation serves as a well-described, conserved mechanism to monitor protein folding, targeting misfolded proteins for degradation (Nagashima et al., 2018; Shenkman and Lederkremer, 2019). How or if glycosylation status is monitored in the Golgi is unclear, however. Unlike the ER, to date, there is no evidence for a general protein glycosylation checkpoint or glycosylation-based quality control mechanism in the Golgi. In animal systems, disrupted Golgi stacking is reported to increase trafficking of several glycoproteins which are released in an under-glycosylated form, suggesting that the rate of glycoprotein secretion is not directly controlled by glycosylation status, but is a consequence of Golgi organization and the accessibility of proteins to the trafficking machinery (Zhang and Wang, 2016). With regard to glycoprotein movement through the secretory pathway, the unanswered questions are numerous and include how or if the rate of trafficking is regulated, the degree to which glycoproteins are selectively chosen for packaging into secretory vesicles, how secretory vesicles are directed to their target membrane, and how glycoprotein secretion relates to secretion of other Golgi products, particularly the carbohydrates destined for the cell wall. Use of synthetic glycosylated reporter proteins holds great promise to answer these and other questions.
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FASCICLIN-LIKE 18 Is a New Player Regulating Root Elongation in Arabidopsis thaliana
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The plasticity of root development represents a key trait that enables plants to adapt to diverse environmental cues. The pattern of cell wall deposition, alongside other parameters, affects the extent, and direction of root growth. In this study, we report that FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 18 (FLA18) plays a role during root elongation in Arabidopsis thaliana. Using root-specific co-expression analysis, we identified FLA18 to be co-expressed with a sub-set of genes required for root elongation. FLA18 encodes for a putative extra-cellular arabinogalactan protein from the FLA-gene family. Two independent T-DNA insertion lines, named fla18-1 and fla18-2, display short and swollen lateral roots (LRs) when grown on sensitizing condition of high-sucrose containing medium. Unlike fla4/salt overly sensitive 5 (sos5), previously shown to display short and swollen primary root (PR) and LRs under these conditions, the PR of the fla18 mutants is slightly longer compared to the wild-type. Overexpression of the FLA18 CDS complemented the fla18 root phenotype. Genetic interaction between either of the fla18 alleles and sos5 reveals a more severe perturbation of anisotropic growth in both PR and LRs, as compared to the single mutants and the wild-type under restrictive conditions of high sucrose or high-salt containing medium. Additionally, under salt-stress conditions, fla18sos5 had a small, chlorotic shoot phenotype, that was not observed in any of the single mutants or the wild type. As previously shown for sos5, the fla18-1 and fla18-1sos5 root-elongation phenotype is suppressed by abscisic acid (ABA) and display hypersensitivity to the ABA synthesis inhibitor, Fluridon. Last, similar to other cell wall mutants, fla18 root elongation is hypersensitive to the cellulose synthase inhibitor, Isoxaben. Altogether, the presented data assign a new role for FLA18 in the regulation of root elongation. Future studies of the unique vs. redundant roles of FLA proteins during root elongation is anticipated to shed a new light on the regulation of root architecture during plant adaptation to different growth conditions.
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INTRODUCTION

Developmental pliancy allows plants to respond to a wide range of environmental signals by altering the pattern of plant growth and development. This enables otherwise immobile plants to adjust to heterogeneous soil and ever-changing environmental conditions by continuous forage toward optimal conditions with respect to water, nutrients, and other resources. In practice, this is achieved by modification of root system architecture in response to different developmental and environmental cues. The adaptability and flexibility of the root system is one of the main determinants affecting the rate and extent of plant biomass production (Lynch, 1995; Malamy, 2005; Gruber et al., 2013; Tian et al., 2014; Slovak et al., 2016).

The plasticity of root development is obtained through embryonic and postembryonic organogenesis. The primary root (PR) apical meristem, which is responsible for PR growth, is formed as part of the developing embryo. In contrast, lateral roots (LRs) are repeatedly formed from the PR, or from previously formed LRs, and determine the shape of the plant root system dictating the efficiency of plant anchorage, water uptake and nutrient acquisition. It is noteworthy, that first-order LRs are formed from the PR, while second- and third-order LRs are formed from lower-order LRs. LR meristems are formed post-embryonically from the pericycle, a highly specified cell layer encircling the root vascular stele tissue. The intervals of LR formation vary according to developmental stage and growth conditions (Malamy and Benfey, 1997; Casimiro et al., 2001; De Smet et al., 2003; Lavenus et al., 2013; Vilches-Barro and Maizel, 2015; Slovak et al., 2016). While much is known about the mechanism employed in LR initiation and meristem formation, little is known about the mechanisms employed in PR vs. LR elongation and how it is modified in response to different environmental signals.

Cell expansion can occur through isotropic growth in which the cell expands to the same extent in all directions, or through anisotropic growth in which the cell expends in a non-uniform, directional manner. Root elongation is obtained through anisotropic cell expansion. While turgor pressure provides the driving force for this process, the pattern of cell wall deposition in the extra-cellular matrix is one of the parameters dictating growth extent and direction. The current model suggests that anisotropic cell expansion is obtained as a result of stiffer cell wall deposited perpendicular to the growth axis, yielding cell elongation driven by the cytosolic turgor pressure (Green, 1980; Taiz, 1984; Darley et al., 2001; Baskin, 2005). Primary cell wall is deposited in all plant cells and protect the protoplast as the cell grows, while secondary cell wall is synthesized in specific cell types as part of the process of cell differentiation which takes place after the cell reached its final size. The plant cell walls are composed primarily of three classes of polysaccharides: cellulose, hemicelluloses and pectins (Bacic et al., 1988; Carpita and Gibeaut, 1993; Cosgrove, 2005; Somerville, 2006). It was previously shown that cellulose synthesis, organization and cross-linking with other cell wall material is a key determinant dictating the extent of anisotropic cell expansion and subsequently, of root elongation (Arioli et al., 1998; Fagard et al., 2000; Schindelman et al., 2001). Cellulose is composed of β-(1,4)-linked glucan chains synthesized at the plasma membrane by the cellulose synthase complex (CSC; Mueller et al., 1976; Brown et al., 1996; Kimura et al., 1999). Each glucan chain is synthesized by CELLULOSE SYNTHASE A (CESA), a glycosyltransferase encoded by multi gene-families in different plant species (Pear et al., 1996; Delmer, 1999; Richmond and Somerville, 2000; McFarlane et al., 2014). In Arabidopsis, CESA1, CESA3, and CESA6 have been shown to be essential for cellulose synthesis as part of primary cell wall deposition during root elongation. Mutants in either of these three CESAs, display short roots with a swollen root tip (Hauser et al., 1995; Caño-Delgado et al., 2000; Fagard et al., 2000; Desprez et al., 2007). Similar results were obtained using chemical inhibitors of CESA (Heim et al., 1989; Desprez et al., 2002; Tateno et al., 2016). Additional components required for cell wall deposition and organization have been shown to play a role during root elongation, including KORRIGAN (KOR), COBRA (COB), FASCICLIN-LIKE 4/SALT-OVERLY SENSITIVE 5 (FLA4/SOS5), CHITINASE-LIKE 1 (CTL1), and others (Nicol, 1998; Schindelman et al., 2001; Shi et al., 2003; Hermans et al., 2010). However, so far the intricate mechanism regulating cell wall synthesis and remodeling in elongating roots under different growth conditions has not been fully established.

To identify new candidate-genes participating in cell wall deposition during root elongation, a tissue specific co-expression analysis was performed as part of the current study. The premise of this method is the well established phenomenon that genes functioning in the same pathway, or required for the same process, tend to express in a transcriptionally coordinated manner. Co-expression approaches have been used to assign function for genes involved in cellulose synthesis, lignin deposition, and other metabolic processes (Brown et al., 2005; Ruprecht et al., 2011; Yang et al., 2011, 2019; Wang et al., 2012; Ben-Tov et al., 2015; Endler et al., 2015; Ransbotyn et al., 2015; Voiniciuc et al., 2015a, b, 2018). In this work, ten genes, known to play a role in primary cell wall deposition during root elongation, were used as ‘baits’ to mine a spatio-temporal, high-resolution root gene expression dataset (Supplementary Table 1; Brady et al., 2007). The identified candidate genes were examined for perturbation of root elongation. Interestingly, two independent T-DNA insertion lines corresponding to different mutations in the FASCICLIN-LIKE ARABINOGALACTAN 18 (FLA18) gene (AT3G11700), which has not been assigned a function so far, showed modification of PR and LR elongation under different growth conditions. The presented data suggest that FLA18 plays a role in the regulation of root elongation.



RESULTS


Tissue-Specific Co-expression Analysis Suggests That FLA18 May Play a Role in Root Elongation

A tissue specific co-expression analysis was performed using the Arabidopsis high-resolution spatio-temporal gene expression dataset generated for developing root (Brady et al., 2007). The ‘bait’ list for the co-expression analysis was generated based on genes known in the literature to be involved in primary cell wall deposition during root elongation (Supplementary Table 1). Pearson correlation identifies a tight correlation between FLA18 gene expression and that of CESA1, CESA3, and CESA6 involved in primary cell wall deposition during root elongation (Supplementary Figure 2B; Fagard et al., 2000; Desprez et al., 2007; Persson et al., 2007; Chen et al., 2016). A highly specific expression pattern was observed for representative ‘baits’ and FLA18 along the longitudinal root axis (Supplementary Figure 2A). This includes, low expression at the meristematic zone, high expression at the transition from the meristematic to the elongation zone and then again, reduced expression in the interface between the elongation and the differentiation zone (Supplementary Figure 2A). In contrast, CESA4, CESA7 or CESA8, involved in secondary cell wall deposition as part of root vascular system differentiation, display a very different expression pattern (Supplementary Figure 2A). No correlation in gene expression was observed between FLA18 and CESA4, CESA7, or CESA8 using the root-specific data-set (Supplementary Figure 2B; Turner and Somerville, 1997; Persson et al., 2005; Taylor-Teeples et al., 2015; Meents et al., 2018). In addition, the expression of FLA18 and other ‘baits’ used for the co-expression analysis (CESA1, CESA3, and CESA6 are presented as an example) is induced in the linage of cells destined to differentiate into root hairs, and to a lower extent in cell layers with non-root hair identity (Supplementary Figure 2A). Taken together, the co-expression relationship between FLA18 and established-players required for root elongation prompted us to further investigate the role of FLA18 in this developmental context.



FLA18 Gene Expression

To study FLA18 expression pattern throughout plant growth and development, we used Reverse Transcription PCR (RT-PCR) analysis and a GUS-reporter gene driven by the FLA18 promoter. The FLA18 transcript was detected in all organs, including leaves, stems, siliques, and flowers (Supplementary Figures 3A,B). GUS activity was detected in various developmental contexts, correlating with the RT-PCR results (Supplementary Figures 3C–F). The GUS staining identified FLA18 expression in stems, flowers, as well as elongating tissues like, root tips, and hypocotyls of dark-grown seedlings. In dark-grown seedlings, the induction of FLA18 gene expression was detected specifically in the upper part of the hypocotyl, which was previously shown to display high rate of cell elongation as compared to other parts of the hypocotyl (Crowell et al., 2011). Overall, FLA18 gene expression was confirmed in elongating roots and additional developmental contexts throughout plant development.



fla18 Mutants Display Conditional Perturbation of Lateral Root Elongation

To investigate the role of FLA18 during root elongation, two independent T-DNA insertion lines were obtained, SALK_086944 named fla18-1 and SALK_039619 named fla18-2, both carrying a T-DNA insertion in the first exon of the FLA18 coding sequence (Figure 1A and Supplementary Figure 4A). Homozygous lines were identified by genotyping. The expression of FLA18 in both fla18-1 and fla18-2 was examined by RT-PCR analysis using FLA18-specific primers localized downstream (3′) of the T-DNA insertion site and TUBULIN as a reference gene. According to the RT-PCR analysis both fla18-1 and fla18-2 appeared to be knock-down alleles, as both exhibited very low expression compared to the wild-type, but neither completely abolished the FLA18 gene expression (Supplementary Figure 4B). The reduced expression level in fla18-1 was verified by nCounter NanoString analysis, using a FLA18-specific probe targeting the sequence localized downstream of the T-DNA insertion site (Figure 1B). An approximate 10-fold reduction in FLA18 gene expression was measured in the fla18-1 mutant background as compared to the wild type (Figure 1B).
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FIGURE 1. fla18 mutants display conditional perturbation of root elongation. (A) Schematic presentation of the FLA18 gene as annotated by The Arabidopsis Information Resource, pinpointing the location of the T-DNA insertion in both alleles examined, i.e., fla18-1 (SALK_086944) and fla18-2 (SALK_039619). The red bar represents the location of the nCounter NanoString probe. (B) FLA18 gene expression at the primary root of the indicated genotypes. Seedlings were germinated on medium containing 1% sucrose, for 4 d, and then transferred to either sucrose-free or 4.5% sucrose-containing medium for 6 h. Gene expression was measured using the nCounter NanoString technology, in four biological replicates. Expression level is indicated in normalized counts, as calculated by the nSolver platform using GAPC, UBQ10, EF1a, F-BOX, and AP2 as reference genes. (C) Seedlings of the indicated genotypes were grown on sucrose-free MS medium for 4 days and then, transferred to either new sucrose-free MS medium or MS medium supplemented with 4.5% sucrose, for an additional 10 days. Whole seedlings (upper panel), lateral root tips (LR, middle panel) and primary root tips (PR, lower panel) were documented. Total lateral root length (D) and diameter (E) were measured 7 days after the transfer to restrictive conditions (MS plus 4.5% sucrose). Error bars represent SE. The results were analyzed through JMPpro13 for statistical analysis, applying Tukey’s HSD test (B; ***p < 0.0001) or a non-parametric comparison for all pairs using the Steel-Dwass Method (D,E; p < 0.0001). D and E, n = 10. Scale bars = 1 cm (C; upper panel) and 1 mm (C; middle and lower panel).


To study the possible role of FLA18 in the context of root elongation, the mutant lines were grown under either ambient conditions [Murashige and Skoog (MS) medium with no sucrose added] or restrictive conditions (MS supplemented with 4.5% sucrose). These restrictive conditions have been previously shown to act as sensitizing conditions that may serve to uncover perturbations in cell wall deposition during root elongation (Hauser et al., 1995; Schindelman et al., 2001; Xu et al., 2008; Basu et al., 2016). When grown under ambient conditions, the mutant lines resembled the wild type (Figure 1C), except from a slight increase in PR elongation rate and final length (Supplementary Figures 2, 5). When grown under restrictive conditions, the LRs of both fla18-1 and fla18-2 displayed an approximate 30% reduction in length compared to the wild type (Figure 1D and Supplementary Figure 6). Furthermore, a significant increase of about 30% in LR width was also detected (Figure 1E). It is important to note that the fla18 LR phenotype can be modified by different MS or agar types used in the media. Different batches (lot numbers) of the same product, MS or gelling agent, showed different LR phenotype in fla18 background, ranging from short and swollen to indistinguishable from the wild-type (data not shown). No specific difference in nutrient composition could be associated with this effect on the fla18 root phenotype. Nonetheless, under the experimental conditions mentioned above, this phenotype was observed in multiple independent experiments. Transgenic lines (T3) expressing the FLA18 coding sequence driven by the 35S promoter, complemented the LR phenotype of the fla18-1 allele when grown on high-sucrose containing medium (Supplementary Figure 7). Note that complementation line #2, which is a strong suppressor of the fla18 root phenotype, seem to display reduced LR density as compared to the wild-type. It is noteworthy, that despite the fact that FLA18 gene expression was detected in other developmental contexts additional to the root, no other phenotypes were detected for either fla18-1 or fla18-2. In summary, these observations identify a new role for FLA18 in the regulation of root elongation and suggest that it may differentially affect root elongation in PR vs. LR under different growth conditions.



The fla18 Mutant Background Enhances the Phenotype of sos5 in Primary root, Lateral Root, and the Shoot Under Restrictive Conditions

The finding that both fla18 and fla4/sos5, herein referred to as sos5, display perturbation of LR elongation suggests a non-redundant role in this developmental context under restrictive conditions of high-sucrose containing medium. Taking into account the phylogenetic distance between these two FLA-encoding genes this might be expected (Supplementary Figure 1). We therefore generated the fla18-1sos5 and fla18-2sos5 double mutants to study the relationship between these two FLA-encoding genes in the context of root elongation. The results with both fla18 alleles were the same (Figure 2 and Supplementary Figure 9, data not shown) and hence quantification is presented only for fla18-1sos5. The severity of the fla18sos5 phenotype was modified in response to different growth conditions. Under ambient conditions (MS media with no sucrose), no root swelling was observed, but slight differences in the rate of root elongation were detected (Figure 2). As previously noted (Figure 1), the rate of fla18-1 PR elongation was slightly higher as compared to the wild type (Figure 2C) and the final root length was slightly longer (Supplementary Figure 8). At the same time, sos5 and to a greater extent fla18-1sos5, displayed a reduced PR elongation rate, as compared to the wild type (Figure 2C and Supplementary Figure 8). When grown on MS media supplemented with 1% sucrose, the fla18sos5 LRs and PRs displayed swollen root tips, unlike any of the single mutants or the wild type (Supplementary Figure 9). Last, under restrictive conditions (MS supplemented with 4.5% sucrose), both wild type and fla18-1 displayed normal root growth, while sos5 displayed a short and swollen root phenotype in both LR and PR, consistent with previous findings (Figure 2B; Shi et al., 2003; Xu et al., 2008; Basu et al., 2016). Interestingly, under these conditions, the fla18sos5 double mutants displayed a more severe perturbation of anisotropic root growth, as indicated by the very short and swollen root phenotype observed in both PR and LRs (Figure 2B). Quantification of PR elongation rate, following the transfer to restrictive conditions, demonstrated that the fla18-1sos5 roots display a much more severe response to the restrictive conditions, compared to all other genotypes examined in this experiment (Figures 2C,D and Supplementary Figure 8). Altogether, the fla18sos5 double mutant displays a severe effect on both PR and LR elongation, as compared to either of the single mutants or the wild-type, when grown on mild- or high-sucrose containing media.
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FIGURE 2. fla18sos5 double mutants impart a synergistic effect on root elongation. (A,B) Seedlings of the indicated genotypes were grown on sucrose-free MS medium for 4 days and then transferred to either fresh sucrose-free medium (A; permissive conditions) or medium containing 4.5% sucrose (B; restrictive conditions), for an additional 7 days. Whole seedlings (upper panel), lateral root tips (LR, middle panel) and primary root tips (PR, lower panel) were documented. Note, the synergistic effect of the double mutant on both PR and LR elongation and swelling. (C,D) Seedlings of the indicated genotypes were grown on MS medium for 4 days and then transferred to sucrose-free MS medium (C) or MS medium plus 4.5% sucrose (D). Root length was measured daily and elongation rate was calculated; n = 10 (fla18-1; n = 5). Error bars represent SE. Scale bars = 1 cm (A,B; upper panel) and 1 mm (A,B; middle and lower panel).


The effect of the different genotypes on root elongation was examined also under salt stress conditions (Figure 3). As mentioned above, sos5 is a conditional mutant that displays root growth arrest and root tip swelling when grown on high-sucrose or high-salt containing media (Shi et al., 2003; Xu et al., 2008; Xue and Seifert, 2015; Basu et al., 2016). In the current study, when grown on MS supplemented with 100 nM NaCl, roots of the fla18-1 allele looked similar to the wild type, yet a slight but significant increase in PR length could be detected (Figures 3A,B). Unlike sos5, no phenotype was detected in fla18 LRs (Figure 3A). Short and swollen LRs in the fla18 mutants were observed only on high-sucrose and not on high-salt containing media (Figures 1–3). However, the most prominent phenotype was that of the fla18-1sos5 double mutant. When root elongation of the fla18-1sos5 seedlings was examined under salt-stress conditions, a significant reduction in PR length was observed of about 84% compared to either fla18-1 or the wild-type and about 52% compared to the sos5 single mutant (Figure 3B). Interestingly, under these conditions, fla18-1sos5 displayed also a small and chlorotic shoot phenotype, that was not detected in any of the other genotypes examined (Figure 3A).
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FIGURE 3. fla18sos5 double mutants impart a synergistic effect on root elongation under salt stress conditions. Seedlings of the indicated genotypes were grown on MS medium containing 1% sucrose, for 4 days, and then transferred to medium containing 1% sucrose and 100 mM NaCl for an additional 7 days. (A) Whole seedlings (upper panel), lateral root tips (LR, middle panel) and primary root tips (PR, lower panel). (B) Measurements of primary root length were conducted 7 d after seedlings were transferred to restrictive conditions (MS supplemented with 1% sucrose and 100 mM NaCl). n = 6. (C,D) Gene expression of the indicated genes was examined in the PR of wild type seedlings germinated on medium containing 1% sucrose, for 4 days, and then transferred to medium containing either no sucrose, 4.5% sucrose or 1% sucrose + 100 mM NaCl, for 6 h. Gene expression was measured using nCounter NanoString technology, in four biological replicates. Expression level is indicated by normalized counts, as calculated by the nSolver platform using GAPC, UBQ10, EF1a, F-BOX, and AP2 as reference genes. The results were analyzed using JMPpro13 for statistical analysis and analyzed using Tukey’s HSD (honestly significant difference) test (*p < 0.05**p < 0.001). Scale bars = 1 cm (A; upper panel) and 1 mm (A; middle and lower panel).


To investigate the effect of the different growth conditions on FLA gene expression in roots, total RNA was extracted from roots of 4-days old seedlings, 6 h after the transfer from ambient to either of the examined conditions, and subjected to nCounter NanoString analysis. After 6 h no phenotype could be observed, yet stress response could already be detected, as indicated by the induced expression of RESPONSIVE TO DESICCATION 29B (RD29B) and CYTOCHROME P450, FAMILY 707, SUBFAMILY A, POLYPEPTIDE 1 (CYP7071A; Ingram and Bartels, 1996; Xiong et al., 2002; Nambara and Marion-Poll, 2005; Seifert et al., 2014). At this time point, the expression of RD29B in wild type was 20-fold higher under salt-stress conditions compared to ambient conditions (Figure 3C), but was not significantly altered in roots transffered to high-sucrose containing medium (Figure 3C). In contrast, CYP7071A, which is involved in ABA catabolism, showed an approximate fourfold increase in roots grown on high sucrose-containing medium and an approximate sixfold increase in roots grown on high salt-containing medium, as compared to ambient conditions (Figure 3C). Neither FLA18 nor SOS5 gene expression was significantly modified by the abiotic, high-sucrose or high-salt, stress conditions (Figure 3D). To learn more more about the interaction between FLA18 and SOS5, we followed the expression of each of these genes in the different mutant backgrounds (Supplementary Figure 10). As expected, FLA18 gene expression was significantly reduced in fla18-1 and fla18-1sos5 mutant background, compared to the wild-type. Interestingly, a mild but significant increase in FLA18 gene expression could be detected in sos5 mutant background when grown under either permissive (MS with no-sucrose added) or restrictive conditions (MS supplemented with 4.5% sucrose; Supplementary Figure 10). For SOS5, a significant twofold decrease was detected in sos5 and fla18-1sos5 mutant background, as compared to the wild-type. This was somewhat surprising as the sos5-2 allele used in this study is a T-DNA insertion line that was previously described as a null allele (Xu et al., 2008; Harpaz-Saad et al., 2011; Griffiths et al., 2014; Seifert et al., 2014; Xue and Seifert, 2015; Basu et al., 2016; Xue et al., 2017). One explanation could be that the probe recognition site in this case is localized upstream of the T-DNA insertion site. Nonetheless, a minor increase in SOS5 gene expression could be detcetd in fla18-1 mutant background, which was statistically significant under restrictive conditions (Supplementary Figure 10). Altogether, these results pinpoint to the different mechanisms induced under different stress conditions and suggest that FLA18 and FLA4 each plays a unique vs. partially overlapping roles during plant development under different growth conditions.



The fla18 and fla18sos5 Root Phenotype Is Suppressed by ABA and Hypersensitive to Inhibition of ABA Synthesis

Previous studies demonstrated that FLA4/SOS5 functions as a positive regulator of cell wall deposition by modulating ABA signaling (Seifert et al., 2014). To examine the potential interaction between FLA18 function and ABA, we used exogenous ABA treatment and Fluridon, an inhibitor of the carotenoid pathway leading to ABA synthesis (Nakamura and Asami, 2014). Seedlings were grown for 5 days under ambient conditions and then transferred to medium containing either 4.5% sucrose (DMSO that served as the Fluridon solvent was added as a control), or 4.5% sucrose with the addition of ABA or Fluridon, for two additional days (Figure 4). As previously described, on MS supplemented with high-sucrose concentration, the PR of the wild type and fla18-1 remained unswollen, while the PR of sos5 and fla18-1sos5 was short and swollen (Figure 4A). The same can be seen for the PR of procuste1 (prc1), a mutant in CESA6 encoding for the cellulose synthase catalytic subunit that served as a positive control for this set of experiments (Figure 4A). When exposed to ABA, the root length of the wild-type was shorter, as compared to control with no-ABA added. Interestingly, PR length of all fla-mutants was significantly longer than the wild type (Figure 4B). In addition, the swollen root phenotype of sos5, fla18-1sos5 and prc1 was suppressed (Figure 4C). On the other hand, Fluridon treatment, which also results in shorter wild-type PR as compared to control conditions, led to a reduction in PR length in all examined genotypes, as compared to the wild-type (Figure 4). fla18sos5 and prc1 displayed the most severe perturbation in root elongation in the presence of Fluridon (Figure 4B). This was accompanied by significant PR-swelling in all genotypes apart from the wild type (Figure 4C). These findings were further supported by the transgenic lines (T2) expressing the coding sequence of FLA18, driven by 35S promoter, in fla18 mutant background. FLA18 overexpression reversed the Fluridon hypersensitivity of the fla18 mutants (Supplementary Figure 11). Complementation of the fla18 phenotype was evident in both PR length and diameter and was documented for three independent lines (Supplementary Figure 11). To further examine the relationship between ABA and the FLA proteins during root development we followed the expression of CYP707A1, encoding an ABA 8’-hydroxylase employed in ABA catabolism and C-TERMINAL DOMAIN PHOSPHATASE LOCI 1 (CPL1), encoding a negative regulator of ABA-induced genes. The expression of CPL1 remained un-altered in all fla mutants examined, as compared to the wild type (Supplementary Figure 12). However, the level of CYP707A1 expression was slightly but significantly induced in all fla-mutants examined, under permissive conditions, as compared to the wild-type. Under restrictive conditions, the levels of CYP707A1 expression was slightly reduced in both single mutants and slightly increased in the fla18-1sos5 double mutant background, as compared to the wild type (Supplementary Figure 12). To summarize, these observations support a role for FLA18 in both LR and PR elongation. Moreover it suggests that, similar to FLA4/SOS5, FLA18 may also display cross-talk with ABA through a yet to be identified mechanism.
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FIGURE 4. Root elongation in fla18 and fla18sos5 is suppressed by ABA and hypersensitive to the ABA-synthesis inhibitor, Fluridon. (A) Seedlings of the indicated genotypes were grown on MS medium with 1% sucrose, for 5 days, and then transferred to medium containing 4.5% sucrose and either 5 mM ABA, 5 mM Fluridon or similar volume of DMSO, the ABA/Fluridon solvent. (B,C) Measurements of primary root length (B) and diameter (C) were conducted 48 h after seedlings were transferred to new media. The results were analyzed using JMPpro13 for statistical analysis and run through Tukey’s HSD test (p < 0.05); n = 6. Error bars represent SE. Scale bars = 1 cm (A; upper panel) and 1 mm (A; lower panel).




fla18sos5 Is Hyper-Sensitive to the Cellulose Synthase Inhibitor, Isoxaben

Various cell wall mutants, including sos5 and prc1, have been shown to be hypersensitive to the cellulose synthase inhibitor, Isoxaben (Desprez et al., 2002; Fridman et al., 2014; Basu et al., 2016). To investigate the effect of the fla18 mutation on cell wall properties, we examined the sensitivity of root elongation to Isoxaben in fla18-1 and fla18-1sos5 mutant background. Seedlings were grown for 4 days under ambient conditions and then transferred to MS medium supplemented with 1% sucrose and increasing Isoxaben concentrations for an additional 48 h. sos5 and prc1, served as positive controls for this assay. The fla18 PR is hypersensitive to Isoxaben as reflected by the reduction in PR length as well as the increase in PR tip width compared to the wild type. The fla18sos5 double mutant, proved even more hypersensitive to isoxaben, as compared to wild-type and the single mutants (Figure 5). This was evident by the shorter root length and increased radial swelling observed at lower concentrations of Isoxaben. The effect of isoxaben on fla18sos5 PR length was already observed at 0.5 nM, a lower concentration compared to both wild type and the single mutants (Figure 5B) while the effect on the root diameter was only observed at 1 nM isoxaben (Figure 5C).


[image: image]

FIGURE 5. fla18 and fla18sos5 are hypersensitive to the cellulose synthase inhibitor, Isoxaben. (A) Primary root tips of seedlings of the indicated genotypes were grown on MS medium with 1% sucrose for 4 days and then transferred to medium containing 1% sucrose and the indicated concentration of isoxaben, for 48 h. (B,C) Measurements of PR length (B) and diameter (C) at the end of the experiment. The results were analyzed using JMPpro13 for statistical analysis and run through Tukey’s HSD test (p < 0.05). Error bars represent SE. PR length: n = 6 (prc1; n = 5). PR diameter: n = 4. Scale bar = 1 mm (A).


Previous studies done on various cell wall mutants have been able to show that in some cases, perturbation of cell wall deposition can lead to ectopic lignin deposition. Phloroglucinol is a histochemical stain that specifically detects 4-O-linked hydroxy-cinnamyl aldehydes, which form part of the lignin polymer (Supplementary Figure 13; Pomar et al., 2002). The mutants prc1 and sos5 served as positive controls as they were previously shown to display ectopic lignin deposition stained by phloroglucinol (Desprez et al., 2002; Caño-Delgado et al., 2003; Denness et al., 2011; Basu et al., 2016). Phloroglucinol stain demonstrated ectopic lignin deposition also in fla18sos5 (Supplementary Figure 13). Altogether, these results suggest that FLA18 may affect root elongation through modification of cell wall deposition. Further research will be required to test this hypothesis.



DISCUSSION

In plants, organ growth occurs as a result of highly synchronized cell expansion of numerous cells simultaneously. To enable growth without protoplast rupture, cell wall loosening and reconstruction must occur in a tightly regulated manner. In the current study, we used tissue specific co-expression analysis to uncover new gene-products involved in the regulation of root elongation. This led to the identification of FLA18, a fasciclin-like arabinogalactan protein, as a new regulator of PR and LR elongation in Arabidopsis. The expression of FLA18 suggests various roles in different developmental contexts along the course of plant development. Yet, the most prominent phenotype detected was the modification of root architecture by differential regulation of LR vs. PR growth in response to different growth conditions.

The FLA proteins are a sub-family of extra-cellular arabinogalactan-proteins (AGPs) characterized by the presence of one or two fasciclin (FAS) domains (Schultz et al., 2000, 2002; Johnson et al., 2003; Seifert and Roberts, 2007; Showalter et al., 2010). The FAS domains are 110 to 150 amino acids long, they share low overall sequence similarity, but possess two highly conserved regions of approximately 15 amino acids each, and a conserved central YH motif (Johnson et al., 2003; Seifert, 2018). FLA proteins were identified in all kingdoms including animals, yeast, bacteria, algae, lichens, and seed plants (Elkins et al., 1990; Huber and Sumper, 1994; Kawamoto et al., 1998; Gaspar et al., 2001; Paulsrud and Lindblad, 2002; Johnson et al., 2003; Novakoviæ et al., 2018; Yeats et al., 2018; Shafee et al., 2020). They were shown to be highly glycosylated and frequently predicted to have a glycosylphosphatidylinositol (GPI)-anchor that attaches them to the outer leaflet of the plasma membrane, facing the extra-cellular matrix (Schultz et al., 2002; Johnson et al., 2003; Seifert and Roberts, 2007; Ellis et al., 2010; Basu et al., 2016; Xue et al., 2017; Yeats et al., 2018). Proteins containing FAS domains, from a broad spectrum of organisms, have been shown to function as adhesion molecules (Elkins et al., 1990; Huber and Sumper, 1994; Kawamoto et al., 1998; Schultz et al., 2000).

The FLA gene-family in Arabidopsis is composed of 21 genes (Supplementary Figure 1; Schultz et al., 2000; Johnson et al., 2003; MacMillan et al., 2010; Costa et al., 2019; Shafee et al., 2020). He et al. (2019) revised this number and suggested there are only 20 FLA genes in Arabidopsis. The biological function of most FLA-encoded proteins remained largely unknown. Partly, because of high levels of functional redundancy and the fact that mutant analysis uncovered very few phenotypes so far. Of the limited number of FLA genes with established function, FLA4, also known as SOS5, was also shown to affect cell wall deposition. The sos5 mutant displays short and swollen roots under restrictive conditions of high-sucrose or high-salt containing media. This phenotype was associated with perturbation of the middle lamella required for cell-cell adhesion (Shi et al., 2003; Xu et al., 2008; Xue and Seifert, 2015; Basu et al., 2016; Xue et al., 2017). The sos5 mutant displays also a mild-swelling of the hypocotyls of dark-grown seedlings and perturbation of seed mucilage organization (Xu et al., 2008; Harpaz-Saad et al., 2011; Griffiths et al., 2014, 2016; Basu et al., 2016). FLA11 and FLA12, which are expressed during xylem cell differentiation, were assigned a function in secondary cell wall deposition. The fla11fla12 double mutant displays reduced cellulose content, alteration in cellulose microfibril angle, reduced tensile strength and reduced tensile modulus of elasticity. Similar results were obtained also for FLA11 and FLA12 orthologs in other species like cotton, poplar, eucalypt and hemp (Huang et al., 2008; MacMillan et al., 2015; Bygdell et al., 2017; Guerriero et al., 2017). Recent study, identified FLA16 as an additional player required for secondary cell wall deposition during stem elongation in Arabidopsis. The presented data, demonstrate that he fla16 mutant displays reduced stem length, alteration in stem biomechanical properties and reduced cellulose levels suggesting a role in secondary cell wall deposition (Liu et al., 2020). FLA3 was assigned a function in microspore development. FLA3 RNA interference lines displayed reduced intine cell wall synthesis and reduced calcofluor stain for glycans in aborted pollen grains (Li et al., 2010). Hence multiple FLA proteins were assigned function in cell wall deposition or organization. In addition to the FLA proteins mentioned above, mutant analysis and gene expression studies have suggested that FLA1 plays a role in early events of shoot regeneration in tissue culture (Johnson et al., 2011). The phenotypic analysis of mutants in FLA9 suggest it is essential to prevent seed abortion (Cagnola et al., 2018). The function of the other FLA-encoding genes, fourteen in Arabidopsis, is yet to be identified.

The Arabidopsis FLA genes were classified into four groups based on the number of FAS domains (one or two), the number of AGP domains (one or two), and whether they contain a predicted GPI-anchor modification site (Johnson et al., 2003; MacMillan et al., 2010). Phylogenetic studies suggest that these four groups are maintained throughout the evolution of land plants (Costa et al., 2019; He et al., 2019; Shafee et al., 2020). FLA18 was classified as part of group B which contains FLA15, FLA16, FLA17 and FLA18. Group B FLAs have two FAS1 domains separated by an AGP-region and are not predicted to contain a GPI-anchor. Recent study by Liu et al. (2020), assigned function to the first group B-FLA, FLA16. The fla16 mutant displays short stems, reduced stem diameter, reduced stem pith cell number, reduced stem cellulose levels, and modification of stem biomechanical properties. These suggest that FLA16 plays a role as part of the mechanism regulating secondary cell wall deposition and cell wall integrity during stem growth. This was further supported by the localization of FLA16-fusion protein, driven by the endogenous promoter, to the cell wall and plasma membrane-wall interface of cells producing secondary cell wall like fiber and xylem cells. Interestingly, etiolated seedlings of the fla16 mutant display reduced hypocotyl length as compared to the wild type and hypersensitivity to the cellulose synthase inhibitor, Isoxaben. Given that secondary cell wall cellulose synthesis is not affected by isoxaben (Watanabe et al., 2018) this suggests a possible role also as part of the mechanism required for primary cell wall deposition in the context of dark-grown seedlings (Liu et al., 2016). In the current study, we identified FLA18 through tissue-specific co-expression analysis using established players involved in primary cell wall deposition required for PR elongation. Given that genes involved in the same metabolic process tend to express in a transcriptionally coordinated manner (Persson et al., 2005; Ruprecht and Persson, 2012; Ben-Tov et al., 2015; Voiniciuc et al., 2015a, b, 2018) this suggests that FLA18 may play a role in this process. Further support for this hypothesis arise from the short and swollen LR phenotype of the fla18 mutants, which is a characteristic feature of various cell wall mutants, like: CELLULOSE SYNTHASE A 6 (Fagard et al., 2000), CELLULOSE SYNTHASE A 3 (Caño-Delgado et al., 2003), COBRA (Schindelman et al., 2001), and others. Moreover, the double mutants fla18-1sos5 and fla18-2sos5 display a more severe perturbation of both LR and PR anisotropy, compared to each of the single mutants. Additionally, both fla18 and fla18sos5 are hypersensitive to the cellulose synthase inhibitor, Isoxaben. Altogether, these results support a role for FLA18, a group B-FLA, as part of the complex mechanism required for primary cell wall deposition during LR and PR elongation. Further studies will be required to prove whether FLA18 is indeed part of the mechanism employed in cell wall deposition.

It is interesting to note, that in most cell wall mutants, the perturbation of root anisotropy can be observed in both PR and LRs. This includes mutants in genes required for cell wall synthesis and deposition, including: CELLULOSE SYNTHASE A 6 (Fagard et al., 2000), CELLULOSE SYNTHASE A 3 (Caño-Delgado et al., 2003), CELLULOSE SYNTHASE A 1 (Williamson et al., 2001) COBRA (Schindelman et al., 2001), CHITINASE LIKE 1 (Hermans et al., 2010), CELLULOSE SYNTHASE INTERACTIVE PROTEIN 1 (Hauser et al., 1995), and others. Additionally, mutants like fei1fei2 and sos5, affecting cell wall organization through a yet to be identified mechanism, also demonstrate perturbation of root growth anisotropy in both PR and LRs, under restrictive conditions (Shi et al., 2003; Xu et al., 2008; Basu et al., 2016; Xue et al., 2017). Altogether, this accumulating data, led to the hypothesis that the same set of core components is required for root elongation in both PR and LRs. To our surprise, when we examined the fla18 mutants, perturbation of root anisotropy was observed only in LRs, when examined under restrictive conditions of high-sucrose containing medium. While the PR displays slight but consistent increase in elongation rate, under permissive conditions, as compared to the wild type. This suggests a divergence in the mechanism involved in the regulation of PR and LR elongation. Various studies have shown that PRs and LRs may display distinct growth dynamics in response to different developmental or environmental cues. For example, mild nitrate deficiency significantly enhances LR growth, but does not affect the growth of the PR (Zhang, 1998; Zhang et al., 1999; López-Bucio et al., 2003; Gruber et al., 2013). In another example, low phosphate levels result in modification of root architecture by reducing the rate of both PR and LR elongation but each responds to different phosphate concentrations (Williamson et al., 2001; López-Bucio et al., 2002; Pérez-Torres et al., 2008; Gruber et al., 2013). Similarly, accumulating data demonstrate that the plant hormone ABA has a much stronger inhibitory effect on LR growth as compared to the effect on PR growth (Signora et al., 2002; De Smet et al., 2003; Duan et al., 2013). Altogether, these results suggest that root morphogenesis can be altered by differential regulation of PR vs. LR elongation in response to different developmental and environmental signals. Moreover it suggests that FLA18 is not a core component of cell wall deposition but rather can affect PR and LR elongation in opposite ways yielding modification of root architecture.

Phenotypic analysis of fla18, sos5, and the fla18sos5 double mutant suggests that a sub-set of FLA proteins is required to maintain root growth under different growth conditions. The genetic interaction between fla18 and sos5 demonstrate that in the fla18 background the phenotype of sos5 becomes much more severe, as compared to each of the single mutants and the wild type. Despite the phylogenetic distance between these two FLA proteins (Supplementary Figure 1), the genetic interaction between these two mutants suggests some levels of functional redundancy. This is supported by the following observations: (i) the fla18sos5 mutant displays reduced root growth under permissive conditions in which the sos5 root resembles the wild-type and fla18 display slightly longer PR compared to the wild type; (ii) The double mutant displays a synergistic effect on both PR and LR elongation leading to shorter and more swollen roots, as compared to each of the single mutants and the wild type, under restrictive conditions of either high-sucrose or high-salt containing media; and (iii) a small and chlorotic shoot phenotype that can be detected when seedlings are grown on high-salt containing medium, a phenotype that cannot be detected in any of the single mutants. These results indicate that FLA18, FLA4/SOS5, and potentially additional FLA proteins (like FLA17, the closest homolog of FLA18) each plays a unique role and yet they are partially functionally redundant in various developmental contexts. Previous studies already present evidence for functional redundancy within the FLA-gene family. For example, MacMillan et al. (2010), found that while single-mutants in fla11 or fla12 exhibited a very mild phenotype, the fla11fla12 double mutant displayed a more pronounced phenotype compared to the wild-type and either of the single mutants. Recent study, demonstrated that FLA16 is an additional player affecting secondary cell wall deposition during stem growth (Liu et al., 2020). Moreover, gene expression studies suggested that other group B FLAs like FLA15 and FLA18 are also highly expressed in elongating stems, suggesting additional FLAs may play a role in this context (Liu et al., 2020). It will be fascinating to see whether FLA18 functions in both primary and secondary cell wall deposition. Future research will be required in order to identify the sub-set of FLAs that function in each developmental context and the way specific vs. overlapping roles are determined.



EXPERIMENTAL PROCEDURES


Plant Material

The Columbia (Col-0) ecotype of Arabidopsis thaliana was used in this study. The fla18 alleles (fla18-1, SALK_086944; fla18-2, SALK_039619), sos5 [SALK_125874; (Xu et al., 2008; Harpaz-Saad et al., 2011; Seifert et al., 2014; Xue et al., 2017; Basu et al., 2016; Griffiths et al., 2016)], and prc1 (Fagard et al., 2000) mutants were obtained from the Arabidopsis Biological Resource Center (Alonso, 2003). Homozygous plants of each line were identified via PCR-based genotyping, using gene and insert-specific primers (detailed in Supplementary Table 2).



Growth Conditions and Measurements

For growth in soil, plants were grown at 22°C in 75 μE, under long day conditions, with a light regime of 16/8 h. For growth in vitro, seeds were surface-sterilized, sown on bacteriological square petri dishes (120 mm x 120 mm x 17 mm, Greiner Bio-One, 688102) containing1x Murashige and Skoog (MS) medium (Tivan Biotech, MSP01-50LT) with pH adapted to 5.8 using KOH and 0.6% Phytagel (Sigma-Aldrich, P8169). Following cold treatment at 4°C, for 4 d in the dark, plants were grown for 4–7 days in an upright position, at 22°C in 75 μE, under long-day conditions, with a light regime of 16/8 h. For induction of restrictive conditions in vitro, plants were transferred after 4 d in the light to plates maintained in an upright position, with MS medium containing 0.6% phytagel and one of the following additions: 4.5% sucrose, 100 mM NaCl plus 1% sucrose or the indicated concentrations of Isoxaben (Sigma-Aldrich, 36138) or Fluridon (Sigma-Aldrich, 45511). Plants transferred to MS medium containing 0.6% phytagel and the corresponding solvent served as control (ambient conditions). The root images were documented using a stereo-microscope (SMZ1270, Nikon) equipped with a camera (NIKON, DS- Ri2).



Growth Measurements

Root length was measured using Image J (FIJI) software (Schindelin et al., 2012) and the results were analyzed using the JMP pro13 or JMP pro 15 software for statistical analysis (Statistical DiscoveryTM, SAS). For the measurement of root elongation rate, the root tip of each seedling was marked daily for 5 consecutive days after their transfer to the indicated medium. Measurements of PR and LR length were conducted 7 d after the transfer to the indicated conditions. Due to large variability in LR length, in each plant, 2 of the longest roots, located in the upper third part of the root system, were selected and used for LR length measurements (Supplementary Figure 6). PR and LR diameter was measured at the widest point of the root tip, approximately 1–4 mm from the root tip.



RT-PCR Analysis

Total RNA was isolated from the indicated tissues using a plant/fungi total RNA extraction kit (Norgen Biotek, 25800), followed by Turbo-DNase treatment (Invitrogen, AM1907). The first strand of complementary DNA (cDNA) was synthesized from 1 μg of the total RNA using SuperScript II reverse transcriptase (Invitrogen, 18064022), according to the manufacturer’s instructions. PCR products from the cDNA of the indicated genotypes (Wild type, fla18-1, fla18-2, and fla4/sos5) were amplified, 28 cycles for each of the reactions, using FLA18 or TUBULIN-specific primers. TUBULIN served as a reference gene (Supplementary Table 2).



FLA18 Cloning and Transgenic Plants

Wild type genomic fragments comprising the promoter region of FLA18 (2260 bp) or coding sequence region (1390 bp) were amplified by PCR (Supplementary Table 2) using the Phusion Taq polymerase (Thermo Fisher Scientific, F-549S), as described by the manufacturer. The fragments were cloned into pENTR-TOPO-D (Invitrogen, K240020). The resultant entry plasmid was used for the LR-clonase reaction (as described by the manufacturer; Invitrogen, 11791020), introducing: i) the FLA18-promoter sequence into the binary vector pGWB3 for the expression of a FLA18-promoter driven β-GUS protein; or, ii) the FLA18-coding sequence into the pGWB5 binary vector (Nakagawa et al., 2007). The FLA18-promoter-pGWB3 vector was transformed to wild-type Columbia background while the FLA18-CDS-pGWB5 was transformed to fla18-1 for complementation. Transgenic plants were selected on hygromycin and independent lines were identified.



Histochemical β-Glucuronidase (GUS) Activity Assay

Plants from three independent transgenic lines harboring the FLA18 promoter driving GUS expression, were used for histochemical activity assay performed using 5-bromo-4-chloro-3-indolyl β-D-glucuronide sodium salt, as previously described (Twell et al., 1990). Briefly, samples were immersed in staining solution composed of 100 mM sodium phosphate buffer (pH 7.0) with 10 mM EDTA (pH 8.0), 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 1 mM 5-bromo-4-chloro-3-indolyl-b-glucuronic acid, and 0.1% Triton X-100. The tissue was stained either for 1 h or overnight at 37°C, as indicated. Chlorophyll was removed using 95% ethanol. T2 plants from 8 independent transgenic lines were analyzed at different developmental stages, and 3 representative lines were documented using stereo-microscope (SMZ1270, Nikon).



Phloroglucinol Staining

Phloroglucinol staining (Sigma-Aldrich, P3502) was performed according to a previously described procedure (Caño-Delgado et al., 2003). Seedlings were grown for 4 d on plates with sucrose-free MS and then transferred to restrictive conditions for 7 d growing period in the light. The seedlings were then stained for approximately 5 min with a 2% phloroglucinol-HCl solution.



nCounter NanoString Analysis of Gene Expression

nCounter NanoString is a hybridization-based platform used to follow gene expression (Geiss et al., 2008; Amit et al., 2009). To monitor gene expression during root elongation, seedlings were grown for 4 d on sucrose-free MS and then transferred to fresh sucrose-free MS, MS supplemented with 4.5% sucrose or supplemented with 100 mM NaCl plus 1% sucrose - for 6 h. A total of 20–25 root tips were harvested and stored in −80°C. Total RNA was extracted using the Single Cell RNA Purification Kit (Norgen Biotek, 51800). The NanoString probes were designed and synthesized by NanoString Technologies (detailed in Supplementary Table 3)1. As reference genes we used GAPC (AT3G04120), UBQ10 (AT5G53300), EF1a (AT5G60390) and F-BOX FAMILY PROTEIN (AT5G15710), AP2 (AT5G46630). Counts were normalized using the nSolver, according to the nCounter Gene Expression Assay Manual2.



Accession Numbers

GenBank accession numbers: FLA18 (AT3G11700), FLA4 (AT3G46550), CYP707A1 (AT4G19230), RD29B (AT5G52300), GAPC (AT3G04120), UBQ10 (AT5G53300), EF1a (AT5G60390), F-BOX FAMILY PROTEIN (AT5G15710), and AP2 (AT5G46630).
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Supplementary Figure 1 | Evolutionary relationships between FASCICLIN-LIKE proteins in Arabidopsis.

Supplementary Figure 2 | FLA18 is co-expressed with genes involved in primary cell wall deposition during root elongation.

Supplementary Figure 3 | FLA18 expression pattern in Arabidopsis plants.

Supplementary Figure 4 | FLA18 gene expression in T-DNA insertion mutants, as compared to wild type.

Supplementary Figure 5 | Primary root elongation in fla18 mutants.

Supplementary Figure 6 | Lateral root length measurements for quantification.

Supplementary Figure 7 | Expression of FLA18 suppresses the short and swollen lateral root phenotype of fla18-1.

Supplementary Figure 8 | Primary root length of fla18-1sos5.

Supplementary Figure 9 | The fla18sos5 double mutant phenotype on media containing 1% sucrose.

Supplementary Figure 10 | FLA18 and SOS5 gene expression in fla18-1, sos5 and the double mutant fla18-1sos5.

Supplementary Figure 11 | Expression of FLA18 suppresses the fla18-1 primary root hyper-sensitivity to the ABA-synthesis inhibitor, Fluridon.

Supplementary Figure 12 | Expression of genes involved in ABA signaling and metabolism in fla-mutant background.

Supplementary Figure 13 | Histochemical Staining of the fla18-1sos5 double mutant with phloroglucinol.

Supplementary Table 1 | The genes used as ‘baits’ for the tissue-specific co-expression analysis.

Supplementary Table 2 | Primers used in this study.

Supplementary Table 3 | Probes used in the nCounter NanoString analysis for gene expression.


FOOTNOTES
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Microalgae of the Chlorella clade are extensively investigated as an environmentally friendly source of renewable biofuels and high-value nutrients. In addition, essentially unprocessed Chlorella serves as wholesome food additive. A recent study on 80 commercial Chlorella preparations revealed an unexpected variety of protein-linked N-glycan patterns with unprecedented structural features, such as the occurrence of arabinose. Two groups of products exhibited a characteristic major N-glycan isobaric to the Man2GlcNAc2XylFuc N-glycan known from pineapple stem bromelain, but tandem mass spectrometry (MS/MS) analysis pointed at two types of N-glycan different from the bromelain structure, as well as from each other. Here we report the exact structures of these two novel N-glycan structures, elucidated by nuclear magnetic resonance spectroscopy and MS/MS, as well as on their phylogenetic context. Despite their humble size, these two N-glycans exhibited a very different design with structural features unrelated to those recently described for other Chlorella-clade strains. The major glycans of this study presented several novel structural features such as substitution by arabinose or xylose of the internal N-acetylglucosamine, as well as methylated sugars. ITS1-5.8S-ITS2 rDNA barcode analyses revealed that the xylose-containing structure derived from a product primarily comprising Scenedesmus species, and the arabinose-containing glycan type related to Chlorella species (SAG211-34 and FACHB-31) and to Auxenochlorella. This is another example where characteristic N-glycan structures distinguish phylogenetically different groups of microalgae.
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INTRODUCTION

Microalgae of the genus Chlorella find a plethora of current and potential uses. Many hopes are lain in their ability to convert sewage into useful materials (Liu and Chen, 2016; Markou et al., 2018), to constitute a source of renewable fuel (Wang et al., 2020) or—at lower volumes but higher value—of a nonsynthetic source of chemicals, not at least food or feed additives such as polyunsaturated fatty acids (Haslam et al., 2020; Madhubalaji et al., 2020), carotenoids (Sun et al., 2019; Zhang et al., 2020), or many other pharmaceutically valuable compounds (Rosales-Mendoza et al., 2020). Chlorella is regarded as a potential future source of protein for direct consumption, as well as use in livestock farming (Amorim et al., 2020). Currently, a multitude of Chlorella tablets and powders are offered for human consumption as something between healthy food and food supplement, where the protein and/or vitamin content or other health benefits are emphasized. Chlorellaceae are unicellular, nonflagellated, essentially spherical freshwater algae and as such very poor in optical features that would allow strain discrimination. Even though a number of species have been defined, but rather obvious from the frequent changes (De Clerck et al., 2013), classification of a given isolate causes trouble. An example is posed by the strain FACHB-31 that originally was seen as Scenedesmus obliquus (Xu et al., 2015) and as such as a member of the class of Chlorellaceae, which against cursory impression does not comprise the family of the Chlorellales, which is home to Chlorella. Later, the same strain was designated Chlorella and thus fell or falls in the class of Trebouxiophyceae (Wu et al., 2018), which fits well with recent DNA-based phylogeny (Mocsai et al., 2020a). An example of two different classes in the animal area is the classes of birds and mammals, where misclassifications are hard to imagine.

The recent discovery of a stunning diversity of the structures of protein-linked glycans, so-called N-glycans, suggests N-glycan patterns as obtained by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS) as a straightforward and precise taxonomic criterion (Mocsai et al., 2020a). Glycan patterns align with genetic markers but pose a much more clear-cut distinction than DNA homologies. Mass spectrometry yields the composition in terms of number of hexoses, N-acetylhexosamines, pentoses, and methyl groups, whereby the mass of a deoxyhexose is equivalent to the sum of a pentose and a methyl group—wherever the latter may be located. For mammalian N-glycans, in which neither pentoses nor methyl groups are found, a widely used abbreviation scheme names glycans, e.g., H5N4F1, where F stands for fucose. To distinguish from this system, we refer to an oligosaccharide with four hexoses, 2 N-acetylglucosamines (GlcNAc), one pentoses, and three methyl group as os4213 (Mocsai et al., 2020a). The survey on by now more than 100 commercial products revealed not only the existence of different glycan patterns. Chromatographic comparison, tandem MS (MS/MS), and constituent analysis revealed that many identical masses actually arose from different structures. A most striking example was the os3231 (1,320.4 Da) that obviously can occur in three different structures (Mocsai et al., 2020b). All of them were found to contain arabinose, a component so far not observed in N-glycans. Further examples are os4221 that occurred in the “Jos” and the “Kei” glyco group and os2221 from the hardly distinguishable groups “Raa” and “Now.” These show a dominating MALDI-MS peak at m/z = 1,049.3, which equals the long known Man2GlcNAc2XylFuc N-glycan from pineapple stem bromelain, also known as MUXF3 (Altmann, 2007). MS/MS clearly revealed these os2221 as differing from the plant N-glycan and from each other.

For this article, we examined the N-glycan structures of the dominating os2221 glycan in the “Raa” and “Now” glyco groups by various techniques including two-dimensional (2D) nuclear magnetic resonance (NMR) spectroscopy. Several commercial Chlorella products could be assigned to the “Raa” group, and three strain collection lines exhibited this pattern (SAG211-31, SAG211-34, FACHB-31). The “Now” glycan pattern was found in only one commercial sample, and this orphan status found its repercussion in the results of ITS1 and ITS2 rDNA barcoding.



MATERIALS AND METHODS


Sources of Microalgae and Extraction of N-Glycans

Live strains were obtained and grown as recently described (Mocsai et al., 2020a,b). Commercial samples were purchased as described in Supplementary Table 1. N-glycans were isolated by a combination of pepsin digestion, cation exchange, and size exclusion chromatography and peptide:N-glycosidase digestion as described (Mocsai et al., 2020a). Reducing or sodium borohydride reduced N-glycan mixtures were fractionated by hydrophilic liquid interaction chromatography (HILIC) on a TSK-amide 80 column (Tosoh Bioscience GmbH, Griesheim, Germany) (Mocsai et al., 2020b).



MS and Glycosidase Probing of Glycans

MALDI-TOF MS and MS/MS were performed with 2,5-dihydroxybenzoic acid as the matrix on an Autoflex instrument (Bruker, Bremen, Germany). For electrospray MS/MS, reduced glycans were subjected to porous graphitic carbon chromatography, and the eluate was analyzed with a maXis 4G Q-TOF MS (Bruker) in either positive or negative mode (Mocsai et al., 2020a).

For compositional analysis, samples were hydrolyzed for 4 h at 100°C with 2 M trifluoroacetic acid. Monosaccharides were reduced with NaBD4 and analyzed by gas chromatography (GC)–MS as alditol acetates (Mocsai et al., 2019, 2020b). For linkage analysis, permethylation of oligosaccharides was achieved with iodomethane and sodium hydroxide in dimethyl sulfoxide.

Individual fractions of “Now” C-5 were treated with α-mannosidase from jack beans (Sigma–Aldrich) in 100 mM MES buffer pH 6.3 at 37°C.



Glycoproteomics

Algae tablets (approximately 500 mg) were suspended in 10 mL 6 M guanidium hydrochloride, 100 mM HEPES, pH 7.8, and incubated in a boiling water bath for 30 min. After cooling, 1 mL aliquots were diluted in 9 mL 100 mM HEPES, pH 7.8, and digested with 1 mg trypsin (TPCK-treated trypsin from bovine pancreas; Sigma), at 37°C, overnight. The tryptic digests were adjusted to pH 2 by dropwise addition of 10% trifluoroacetic acid and spun for 5 min at 10,000 × g. Tryptic (glyco-)peptides were isolated from these supernatants using C18 reversed-phase SPE cartridges (Chromabond C18ec, 1,000 mg) and dried in a SpeedVac concentrator. Glycopeptides were enriched by ion-pairing HILIC using SPE cartridges [Chromabond OH (Diol), 100 mg; Macherey-Nagel, D]. In brief, tryptic glycopeptides were resuspended in 1 mL 80% acetonitrile containing 1% trifluoroacetic acid and were loaded onto preconditioned OH SPE cartridges. The cartridges were then washed three times with 1 mL of 70% acetonitrile containing 1% trifluoroacetic acid, before eluting the glycopeptides in 500 μL of 50% acetonitrile in water.

Prior to liquid chromatography (LC)–electrospray ionization (ESI)–MS/MS analysis performed on a maXis 4G Q-TOF instrument (Bruker Daltonics; equipped with nano-ESI source) as described previously (Hennicke et al., 2017), the glycopeptides were dried in a SpeedVac concentrator and resuspended in 100 μL water. Additionally, 50 μL of each sample was adjusted to pH 5 by stepwise addition of 1 M sodium acetate, pH 5.0, and incubated with PNGase A at 37°C overnight.

Manual data interpretation and de novo sequencing of glycopeptides were performed using the vendor-specific data-analysis software package Data Analyst (Bruker Daltonics, Bremen, Germany).



NMR Spectroscopy

The NMR spectra were recorded on a Bruker AV III HD 700 MHz NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany). The instrument is equipped with a quadruple (1H, 13C, 15N, 19F) inverse helium cooled cryo probe operating at 700.40 MHz for 1H, and 176.12 MHz for 13C, respectively.

The spectra, all acquired at a temperature of 25°C in D2O as solvent, were referenced for 1H to the signal of the methyl groups of DSS (δ = 0 ppm). Chemical shifts for 13C are reported on a unified scale relative to 1H using the Ξ value for DSS (Harris et al., 2008).

For all 1D and 2D NMR experiments, the appropriate pulse sequences were used as supplied by the manufacturer. Regarding 1D spectra, 1H NMR was done with and without suppression of the HDO signal using presaturation; for 13C spectra, a DEPTq sequence with a 135° pulse for multiplicity selection was used. The following 2D experiments were performed: double quantum filtered (DQF) COSY, TOCSY (100-ms MLEV17 spin-lock), NOESY (800-ms mixing time), ROESY (250-ms spin-lock), HSQC with and without 13C decoupling, and HMBC. In order to get high-resolution spectra of the individual sugar spin systems, 1D selective TOCSY experiments were performed using a selective pulsed field gradient spin echo sequence with a 80-ms 180° Gaussian pulse for excitation of the appropriate signals, mainly the anomeric protons, and a MLEV17 spin-lock in the range from 100 to 300 ms, depending on the size of the spin–spin coupling.

The analysis of the spectra was done within the TopSpin software (Bruker BioSpin). To elucidate the spin coupling network of the individual sugars, spin simulations were done using DAISY within the TopSpin software, which is based on solving the time-independent Schroedinger equation to calculate the energy levels.



DNA Extraction and DNA Barcode Analysis

Total genomic DNA was extracted from 30 mg dry algal powder using QIAGEN DNeasy® Plant Mini Kit (Qiagen, Hilden, Germany) according to the producer’s instructions. The ITS1-5.8S-ITS2 DNA fragment was amplified by polymerase chain reaction (PCR) reaction with primers binding to the flanking regions of 18S and 26S rRNA gene, resulting in a DNA fragment of approximately 950 bp. The sequences of the primers were as follows: 5′→3′ TGCCTAGTAAGCGCAAGTCA (forward) and 5′→3′ TTCCTCCGCTTATTGATATGC (reverse). All PCR reactions were performed with the AccuTaq LA DNA polymerase (Sigma–Aldrich, St. Louis, MO, United States) according to the manufacturer’s instructions in a total volume of 20 μL using 1.5% dimethyl sulfoxide. After agarose gel electrophoresis, the PCR products were purified using the Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Vienna, Austria). The purified PCR product of the sample “Raa” C-76 was directly sent for Sanger sequencing—service provided by Microsynth AG (Balgach, Switzerland). For the “Now” sample, the PCR fragment was ligated into PminiT plasmids and transformed into 10-beta cells using the NEB PCR cloning kit (New England Biolabs, Frankfurt am Main, Germany) according to the manufacturer’s instructions. Seventeen single colonies were picked and cultured overnight in 5 mL Luria–Bertani/ampicillin medium at 37°C, and their plasmid DNA was extracted using a NucleoSpin Plasmid Kit (Thermo Fisher Scientific) following the manufacturer’s recommendations. Plasmid DNA was sent for Sanger sequencing. Sequencing results obtained from the respective forward and reverse primer pairs were aligned, generating nucleotide sequences that can be found in the Supplementary Data.



Phylogenetic Analysis

All acquired ITS1-5.8S-ITS2 nucleotide sequences were aligned together with reference sequences from GenBank annotated as microalgae species, using the MAFFT algorithm L-INS-i (Katoh and Standley, 2013). A maximum likelihood phylogenetic tree was produced using PhyML software (Guindon et al., 2010) at the web server NGPhylogeny.fr (Lemoine et al., 2019) using SPR moves to optimize tree topology and five random starting trees. Statistical branch support was calculated using 500 bootstrap replications, and the optimal substitution model was assessed by Smart Model Selection (Lefort et al., 2017) to be GTR + G + I + F under the Akaike information criterion. Multiple sequence alignments and phylogenetic trees were visualized in the Jalview sequence analysis tool (Waterhouse et al., 2009) and with the MEGA7 software (Kumar et al., 2016), respectively. A comparable topology was achieved using ClustalOmega (Madeira et al., 2019) for sequence alignment (data not shown).



RESULTS


Composition of the Major Peak in Microalgae With a FACHB-31–Like N-Glycan Pattern

The MALDI-TOF MS spectra of a number of commercial samples and type collection strains (i.e., the often-used strains FACHB-31 and SAG211-34) were highly similar with one dominating peak at m/z = 1,049.3 [M+Na]+ (Table 1). This mass is known from land plants, where it derives from a glycan with two N-acetyl glucosamines, two mannoses, a xylose, and a fucose, the so-called MUXF3 structure (Altmann, 2007). However, further satellite peaks at 903.3, 1,225.3, and 1,339.3 pointed at the possible presence of methyl groups (Figure 1). In one sample (“Now” C-5), the accompanying peak “flora” was more pronounced, and peaks at m/z = 1,035.3 and 1,197.3 clearly indicated the presence of two pentoses rather than a pentose and a deoxyhexose. Another distinctive feature of this sample was the strong O-methylation of oligomannosidic glycans up to Man9 (Supplementary Figure 1; Mocsai et al., 2020b). This unparalleled profile was termed “Now” glycan pattern, whereas the more frequently occurring profile got the name “Raa”. The major peak of m/z = 1,049.3 of the “Now” sample and one example of the “Raa” group (C-76) were isolated by HILIC and subjected to gas chromatographic monosaccharide analysis that unequivocally confirmed the founding of two different glycan groups (Supplementary Figure 7 of Mocsai et al., 2020a). “Now” contained two xylose residues, one O-methylated at position 3, whereas the “Raa” sample contained two arabinoses and a 3-O-methylated mannose as already reported in Mocsai et al. (2020a).


TABLE 1. List of microalgae products for which a dominating peak at m/z = 1,049.365 (= calculated mass) in MALDI-TOF MS was seen.
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FIGURE 1. MALDI-TOF MS spectra of “Raa” and “Now” type total N-glycans. The 4-digit code interprets the [M+Na]+ ions in terms of numbers of hexoses, N-acetylhexosamines, pentoses, and methyl groups. Complementary mass spectra are deposited in Supplementary Figure 1.




Mass Spectrometric Characterization of “Raa” and “Now” Main Peaks

MALDI-TOF MS/MS spectra at first sight looked rather similar with a strong fragment at 579.2, which can be explained as two GlcNAc and one pentose residue. The peak at m/z = 828.3 derived from loss of the reducing GlcNAc, which therefore could not have been substituted. From these two fragments, the valuable information arose that both glycans were substituted by a pentose on the second GlcNAc residue. The b- and c-type peaks at 493.2 and 511.2 comprised the other half of the glycans in both cases with a remarkable yet unexplained bias regarding b- and c-ions (Figure 2). Apart from this bias, the “Raa” and “Now” spectra looked very similar except from a rather small fragment at 903.3 that indicated loss of a methyl-pentose from 1,049.3 in “Now”.


[image: image]

FIGURE 2. Fragment spectra of the major peak (os2221) by laser-induced dissociation in MALDI-TOF MS (A,B) and collision-induced dissociation in ESI-MS (C,D). Singly charged Na+ or doubly charged, respectively.


Negative mode MS/MS as well as MALDI-TOF- or ESI-MS/MS of permethylated glycans failed to disclose any difference of the two samples. In the previous work, however, positive mode ESI-MS/MS had yielded clearly different fragmentation patterns, where fragment 498.2 occurred in both glycans. Fragment 512.2, however, turned up only in the “Now” sample. This indicated a sequence of me-Xyl-Man-GlcNAc. Given the inclination for gas-phase rearrangements of proton adduct ions (Wuhrer et al., 2009), we sought independent evidence for this interpretation. This came at no cost from a look at the MALDI-TOF MS spectrum where peaks with m/z = 873.3 and 887.3 can be seen in the “Now” spectrum (Figure 1). These peaks stand for glycans with two pentoses but only one hexose.



Linkage Analysis by GC-MS

Linkage analysis of os2221 in “Raa” C-76 showed two mannose peaks, one with a substitution at position 3 and the other at position 4 (Table 2 and Supplementary Figure 2). Composition analysis had revealed a 3-O-methylated mannose, which presumably was an α1,3-mannose that also carried the arabinose in 4-position. The β-mannose would then have a free 6-position. This is a very unusual finding that, however, was confirmed by the NMR analysis (see below). A second arabinofuranose was linked in α1,3 position to the second GlcNAc residue, another unusual finding.


TABLE 2. Results of linkage analysis via permethylation and GC-MS analysis of partially methylated alditol acetates of the isolated major peaks (os2221) of two microalgae products.

[image: Table 2]In linkage analysis with deuteromethyl iodide, the “Now” C-5 major N-glycan gave a large peak for terminal xylopyranose, which in part carried a natural methyl residue. Besides a terminal mannose, a 2,6-substituted mannose reminded of the situation pineapple stem bromelain with its xylose in 2-linked position (Table 2). The second xylopyranose was linked in β1,3 position to the second GlcNAc residue.

“Now” C-5 contained a series of glycans with two pentoses and one to five hexoses. Fractions containing os5220 and os3220 were probed with jack bean α-mannosidase. The results indicated that all hexose residues are mannoses (Supplementary Figure 3).



NMR Analysis of the Major N-Glycans

Two individual glycan preparations with identical monoisotopic mass of m/z = 1,026.3, “Raa” C-76 and “Now” C-5 sample, were subjected to a detailed NMR analysis. Figure 3 shows the 1H NMR spectra of “Raa” together with “Now” on top. Although the two spectra look significantly different, common features for both are a well-resolved anomeric region from 4.5 to 5.3 ppm, two acetyl signals at 2 ppm as well as a signal for a methoxy group at 3.4 or 3.6 ppm. Looking closer to the anomeric region, only five signals can be seen for “Raa” as this sample is derived from a sodium borohydride reduced N-glycan and thus terminated with an alditol. On the other hand, “Now” has a free reducing end, thus giving an anomeric mixture with seven signals in this region. HSQC spectra show the corresponding anomeric carbons in a spectral range from 93 to 110 ppm (Supplementary Figures 4, 5). The assignment of all proton and carbon signals was achieved using DQF-COSY, TOCSY, NOESY or ROESY, HSQC, and HMBC experiments. To overcome the low resolution of the 2D spectra and to identify the protons in the very overcrowded core region between 3.2 and 4.3 ppm, 1D TOCSY experiments were performed starting from the well-resolved anomeric signals. As a result, the entire spin system for all sugars can be made visible in high resolution (Supplementary Figures 6, 7). The extracted chemical shifts and spin couplings could be verified for all sugars by a spin simulation. All NMR data are summarized in the Supplementary Material (Supplementary Tables 2, 3).
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FIGURE 3. 1H NMR spectra of glycan preparations: bottom trace, “Raa”; top trace, “Now.”


Starting with the “Raa” preparation, the two downfield anomeric signals at 5.30 and 5.22 ppm gave spin systems in the TOCSY experiments, which can be addressed to pentoses. HMBC correlations from these protons to the corresponding carbon 4 at 83.9 or 86.6, respectively, established a furanose configuration for both. All proton and carbon chemical shift data together confirmed the result from the MS analysis for these two sugars being arabinoses. The anomeric configuration is β for the arabinofuranose with the more shielded anomeric proton and α for the other one, which can additionally be certified by appropriate NOESY crosspeaks. The next two anomeric signals going to higher field at 5.12 and 4.82 ppm have both only a very tiny splitting with proton 2. This small J coupling followed by another one of about 3 Hz between H2 and H3 identifies these sugars being of mannose type. The heteronuclear J coupling derived from a 13C-coupled HSQC spectrum was used for assignment of the anomeric configuration, which is α for the first one (1J1H,13C = 172.5 Hz) and β for the second (1J1H,13C = 161.2 Hz). The α-Manp is methylated at position 3 as can be seen from an HMBC crosspeak between the CH3 protons and carbon 3 of the mannose. The last remaining anomeric signal at 4.67 ppm is broadened with a large splitting of 7.8 Hz. The following spin couplings in the spin system again are large axial–axial interactions certifying a glucose-type sugar. Moreover, carbon 2 with a chemical shift of 58.1 ppm finally identifies this residue as β-GlcpNAc. The terminal residue at the reducing end is, as mentioned above due to the preparation an alditol, according to a chemical shift for C2 of 55.6 ppm derived from an amino sugar as well. This finding is a verification of an unsubstituted GlcpNAc at the reducing end proposed by the MS analysis.

The linkage information between the building blocks for establishing the final glycan structure of “Raa” was derived unambiguously from HMBC correlations, namely, from the anomeric protons over the glycosidic bond to the corresponding carbons of the aglycon (Figure 4), starting from the alditol, connected to position 4 is β-GlcpNAc, which is linked likewise at position 4 to β-Manp and in addition is substituted by α-Araf at position 3. Going on in sequence, the β-Manp is linked at position 3 to the α-3-(O-Me)-Manp, which has β-Araf attached to position 4.
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FIGURE 4. 1H,13C HMBC spectrum of “Raa” with annotation for the linkage crosspeaks.


The analysis of the “Now” glycan was done in a similar way, hampered by a free reducing end, which doubles signals for the two anomeric forms not only for the terminal sugar, but also ongoing in sequence, and thereby reducing intensity for the individual lines as well. Because of their lower intensity, the anomeric protons for the reducing sugar can be identified at 4.69 ppm with a splitting of 8.2 Hz (β), and at 5.18 ppm with a splitting of only 2.5 Hz (α). As all other J couplings are in the range from 9 to 10 Hz, and carbons 2 have a chemical shift of 58.8 and 56.4 ppm, respectively, the terminal sugar at the reducing end is a GlcpNAc. Next two pentose spin systems can be found starting from the anomeric signals at 4.52 and 4.56 ppm; both can be addressed to β-xylopyranoses, as all J couplings are large axial–axial interactions. In addition, the second one is methylated, proven by an HMBC crosspeak between the methyl protons and C3 of the β-Xylp. Then two anomeric signals at the down field side of the residual water signal at 4.91 and 5.00 ppm have only a very small J coupling to H2, and as the J coupling between H2 and H3 is small as well, both sugars are of mannose type. A heteronuclear 1H-13C spin coupling of 159.2 Hz provided β configuration for the first one, and 172.8 Hz α for the second. Finally, one anomeric signal is left at 4.59, which is again broadened similar as for the “Raa” glycan. The analysis of the spin system results in β-GlcpNAc for this sugar.

The main source to establish linkage information is again an HMBC experiment. Unfortunately, no crosspeaks can be seen to the reducing sugar due to the low sensitivity. Instead, NOESY crosspeaks can be seen between H4 and the anomeric proton of the second amino sugar, and in addition, a chemical shift of about 82 ppm for C4 certifies this 1-4 linkage. Like in “Raa”, the β-GlcpNAc at the reducing end is unsubstituted. The next connectivities are accessible from HMBC correlations (Figure 5). The β-GlcpNAc number two in sequence is linked at position 4 to the β-Manp and is in addition decorated at position 3 with a β-Xylp. Likewise, the β-Manp is substituted with the other methylated β-Xylp at position 2. The terminal sugar at the nonreducing end is the α-Manp, which is 1-6 linked to the β-Manp.
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FIGURE 5. 1H,13C HMBC spectrum of “Now” with annotation for the linkage crosspeaks.


Taken together and with independent support from mass spectrometric results, the structures of the major glycan species of the “Raa” and the “Now” glyco group are as shown in Figure 6 and Supplementary Figures 8, 9.
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FIGURE 6. Structures of the major N-glycans found in sample C-76 (“Raa” type) and C-5 (“Now” type) both having the mass 1,026.3 Da. Os2221 indicates the oligosaccharides’ numbers of hexoses, HexNAc, pentoses, and methyl groups, respectively. Bromelain MUXF3 depicted for comparison.




Glycopeptide Identification

To identify the major glycoprotein constituents of the Chlorella products, tryptic glycopeptides were enriched by HILIC-SPE and subsequently analyzed by LC-ESI-MS/MS. Based on the detection of glycan-specific oxonium ions in numerous MS/MS spectra (e.g., oxonium ion 366.14 Da), manual data interpretation led to the identification of two glycopeptides with complex-type N-glycans in “Raa” C-55 (Figure 7 and Supplementary Table 4). De novo sequencing of the corresponding deglycosylated peptides yielded the sequences VNVVND∗TiiSVNQK and FAD∗iTSTVDEiAK, where ∗ denotes the aspartate residue generated by deglycosylation, and “i” stands for either Ile or Leu (Figure 7). Both peptides perfectly aligned to a hypothetical protein predicted in the course of genome sequencing of a Rhizobium isolate from a Central European freshwater lake (BioSample: SAMN02925445; NCBI RefSeq: WP_054158787.1; Uniprot: A0A0N1KWP3). The nucleotide sequence of this gene aligned to another whole-genome sequence (ANZC01001603.1) that, however, originated from strain FACHB-9 (classified with the outdated species name Chlorella pyrenoidosa) (Fan et al., 2015). Although 100% identical, this sequence only covered the N-terminal part of the bona fide protein until LIRVPE. The last three residues find themselves in the nonglycosylated peptide VPELIDDLAALQAAVQPLLNNR (Figure 7, Supplementary Figure 10, and Supplementary Table 4), supporting the idea that both genomic sequences in fact describe the same existing protein. Unfortunately, with no relevant BLAST hit in whichever kingdom of life (probably due to lack of relevant sequence databases), this mysterious finding did not allow any clues as to the role of protein glycosylation in a unicellular organism.


[image: image]

FIGURE 7. Discovery of a glycopeptide in a “Raa” glyco-type sample. A search for glycopeptides was conducted in a HILIC-enriched fraction of tryptic peptides of product “Raa” C-76 by using the XIC for m/z = 366.1 (C). MS XICs for m/z = 1,276.12 and 1,209.57 Th are shown in panel (B) with the respective MS sum spectra in panel (D). The pattern of glycoforms resembled that of the free glycans (Figure 1). The fragment spectrum for the peak with 1,209.59 Th confirms its glycopeptide nature (E). Upon deglycosylation, the respective peptides could be found (A), and their MSMS spectra allowed de novo sequencing (F,G). A list of experimental and calculated masses is provided as Supplementary Table 3. Sequence of the hypothetical protein with found peptides highlighted in red (H). The MS/MS spectrum of the nonglycopeptide is shown in Supplementary Figure 9.




DNA-Based Characterization and Phylogeny

To complement the structural data on N-glycans, phylogenetic relations were examined between the two glyco groups with the help of ITS1-5.8S-ITS2 rDNA barcodes. Genomic DNA was extracted from live samples, as well as products, and a green alga-specific primer pair was used to amplify the aforementioned region. Just like the live strain SAG211-34 (GenBank MN194596), the ‘‘Raa’’ samples yielded a single sequence that could be Sanger sequenced directly. The homology between ‘‘Raa’’ samples and SAG211-34 was 100% throughout the whole DNA fragment. This was exactly the same sequence as the GenBank entry MK248017, which describes FACHB-31. A BLAST search with this sequence retrieves a closest entry assigned to an Auxenochlorella pyrenoidosa isolate (KM514847). Notably, SAG211-34 is sometimes designated as Chlorella sorokiniana1 (Wu et al., 2018), a species name already used for the type strain SAG211-8k that displays clearly different N-glycans (Mocsai et al., 2020b), whereas FACHB-31 is described as Chlorella species2. Elsewhere, FACHB-31 was termed S. obliquus (Xu et al., 2015). This clearly calls for the attention of taxonomist for a well-needed reclassification event.

Sample “Now” required subcloning into Escherichia coli cells. The results proved that the sample was indeed a mixture. Of 17 clones chosen, 16 almost identical clones were related to species of Scenedesmaceae [e.g., Scenedesmus dimorphus (UTEX417 and UTEX1237) or Acutodesmus obliquus (SAG276-10)]. One clone was related to Chlorella lewinii (strain CCAP211-90). Given the large number of Scenedesmaceae-related clones, these almost certainly account for the dominant features of the “Now” glycan pattern. Scenedesmus and Chlorella belong to different classes of green algae. Although the two glyco groups are both characterized by a dominating 1,049.3 peak [M+Na]+, their genetic distance is profound as visualized in Figure 8. This genetic unrelatedness explains why the isobaric N-glycans have such different structures.
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FIGURE 8. Phylogeny of the ITS1-5.8S-ITS2 rDNA fragment of different microalga species. Experimentally obtained sequences (marked bold) were aligned with database entries; GenBank accession numbers are provided for each of these. Sequences were aligned using the MAFFT alignment tool with the algorithm L-INS-i (Katoh and Standley, 2013), and phylogeny was inferred using PhyML (Guindon et al., 2010). Branch support was calculated by 500 bootstrap repetitions. The tree was rooted on midpoint and visualized in MEGA7 (Kumar et al., 2016). Scale bar: base substitutions per site.




DISCUSSION

The analysis of N-glycans from arbitrarily selected Chlorella live strains and Chlorella products has revealed an astonishing diversity of glycan structures (Mocsai et al., 2020a). In many cases, the masses of the dominant peaks deviate and allow an immediate discrimination of strains on the basis of a simple MALDI spectrum. In some cases, the “Sol” and “Jar” (and related) groups occur, even though the underlying structure is possibly different (Mocsai et al., 2020a). The same holds true for the “Raa” and “Now” samples with their common major glycan at m/z = 1,049.3 [M+Na]+. Subtle differences of the glycan patterns aroused our suspicion and revealed that these samples are derived from rather different microalgal sources. While DNA barcoding places the “Raa” strain clearly in the Chlorella clade, the “Now” glycan pattern appears to belong to the family of Scenedesmaceae, which is phylogenetically very remote to Chlorella but rather related to Chlamydomonas. This common root may be the cause for both the “Now” C-5 sample and Chlamydomonas reinhardtii carrying xylose in β1,2-linkage to the core’s β-mannosyl residue (Mathieu-Rivet et al., 2013; Lucas et al., 2020). Apart from this residue being 3-O-methylated in “Now”, this xylose residue is also found in all land plants (Bardor et al., 1999; Altmann, 2007). The position of the second xylose in C-5 “Now”, however, does not remind of the other two types of xylosyl residues proposed as being β1,4-linked to α-mannosyl residues (Lucas et al., 2020). A 3-O-methyl xylose was, however, found in a proteoglycan of the red alga Rhodella grisea (Capek et al., 2008). The major species of both microalgal glyco types contained just one methyl group and two pentoses as additions to the common N-glycan core but nevertheless exhibited an astounding degree of difference. This example underpins the necessity of a rather close look at the glycan patterns if they are to be used for species differentiation.

Hoping that knowledge of the proteins carrying these novel complex-type N-glycans would give hints about their functional role, we aimed at identifying proteins carrying these N-glycans. This effort led to the identification of two glycopeptides in the eponymous “Raa” sample C-55. Much to our surprise, both glycopeptides and another peptide aligned perfectly with a hypothetical protein postulated in the course of a rhizobial genome project. The respective gene segment in turn retrieved an identical sequence in an A. pyrenoidosa genome. No clue as to the function of this protein arose from this finding as no homologous protein could be found in plants or bacteria (including archaea)—not even in the otherwise highly homologous genome of Auxenochlorella protothecoides. It may be added here that growing of SAG211-34 in the presence or absence of antibiotics (ampicillin and tetracycline) did not alter the N-glycan pattern.

Our ongoing analysis of microalgal N-glycans has by now revealed 13 different glycan patterns as published recently (Mocsai et al., 2020a). After adding live Chlorella strains and not yet published unique patterns, the number is already above 20. This diversity arises from an even greater number of glyco-enzymes. So far, every analysis of a particular structure unveiled ever new features and thus glyco-enzymes unique for the particular strain. It will be exciting to find out how inventive and diverse microalgae actually can be. At any rate, the results surfaced by the recent experiments should raise the attention of taxonomists. An N-glycan-based characterization of microalgae appears to open a chance for identical strains to get together under one taxonomic roof despite traditionally different names. Vice versa, differing strains that have falsely been given the same name simply because microalgae are notoriously poor in distinctive and reliably presented optical features can be told apart with certainty.
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Gene Expression Patterns for Proteins With Lectin Domains in Flax Stem Tissues Are Related to Deposition of Distinct Cell Wall Types
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The genomes of higher plants encode a variety of proteins with lectin domains that are able to specifically recognize certain carbohydrates. Plants are enriched in a variety of potentially complementary glycans, many of which are located in the cell wall. We performed a genome-wide search for flax proteins with lectin domains and compared the expression of the encoding genes in different stem tissues that have distinct cell wall types with different sets of major polysaccharides. Over 400 genes encoding proteins with lectin domains that belong to different families were revealed in the flax genome; three quarters of these genes were expressed in stem tissues. Hierarchical clustering of the data for all expressed lectins grouped the analyzed samples according to their characteristic cell wall type. Most lectins differentially expressed in tissues with primary, secondary, and tertiary cell walls were predicted to localize at the plasma membrane or cell wall. These lectins were from different families and had various architectural types. Three out of four flax genes for proteins with jacalin-like domains were highly upregulated in bast fibers at the stage of tertiary cell wall deposition. The dynamic changes in transcript level of many genes for lectins from various families were detected in stem tissue over the course of gravitropic response induced by plant gravistimulation. The data obtained in this study indicate a large number of lectin-mediated events in plants and provide insight into the proteins that take part in tissue specialization and reaction to abiotic stress.
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INTRODUCTION

The term lectins joins a number of protein families capable of selectively recognizing various types of carbohydrates, while not interacting enzymatically with the recognized targets (Peumans and Van Damme, 1995). Lectins are widespread and present in all biological kingdoms (Sharon, 2008; Tsaneva and Van Damme, 2020). Initially, lectins were identified by the agglutination reaction; therefore, this group of proteins was often referred to as agglutinins. With the development of proteomics and genomics methods, the concept of lectins has moved to a fundamentally different qualitative level. It has been shown that not all lectins found during sequencing of plant genomes exhibit the property of agglutination (Van Damme et al., 2008).

The genomes of higher plants encode a variety of lectin proteins, which are classified into families according to their conserved carbohydrate-recognition domains (Van Damme et al., 2008; Jiang et al., 2010). Sequence bioinformatics studies across all available databases have shown that some of the lectin motifs are widespread (from plants to animals, fungi, and bacteria), while others are present only in certain plant families. Several informative papers with generalizations on plant lectin families have been published (Bellande et al., 2017; Van Holle et al., 2017; Tsaneva and Van Damme, 2020).

The absence of enzymatic interaction poses a number of unresolved questions about the functional role of lectins. As revealed by an inventory of plant lectins in several species with fully sequenced genomes, most plant proteins with lectin domains are multi-domain proteins in which one or more lectin domains are linked to other protein domains such as a protein kinase domain, an F-box domain, or a glycosyl hydrolase domain (Van Holle and Van Damme, 2019). The description of a plant protein as a lectin is often based only on the identification of a lectin motif in the encoding sequence; however, there is a lack of evidence on the ability to actually bind a carbohydrate, as well as for the characterization of the exact ligand specificity. Lectin specificity is often named due to a single monosaccharide, like mannose-binding or galactose-binding; it is clear though that lectins recognize more extended carbohydrate chains (Barre et al., 2019).

Proteins with lectin domains may have different types of architectures (Bellande et al., 2017). Lectin domains can be appended to intracellular kinase and trans-membrane domains to constitute receptor-like kinases; architecture of such proteins is designated as LecRLK type. Proteins with similar architecture but without kinase domains are designated LecRLP. Finally, the soluble proteins with neither kinase nor transmembrane domains are designated LecP. Plants are highly enriched in proteins with LecRLK architecture (Bellande et al., 2017). Proteins with lectin domains can be located in different cell compartments, including the vacuole, cytoplasm, nucleus, plasma membrane, and cell wall (Lannoo and Van Damme, 2010). Thus, the functions of different lectins may be diverse.

Some lectins accumulate in vacuoles as the defensive compounds against herbivorous animals and are quite abundant in seeds and vegetative storage tissues (Van Damme et al., 1998). However, in non-storage tissues, such as leaves, stems, roots, and flowers, the concentrations of lectins are low. Lectins were suggested to be involved in signaling reactions in plant cells or between plants and other organisms (Lannoo and Van Damme, 2010). The participation of lectins in a plant’s response to pathogens is supported by the numerous descriptions of the induced expression of lectins upon pathogen attack (Yan et al., 2005; Wakefield et al., 2006; Hwang and Hwang, 2011; Vandenborre et al., 2011). These inducible lectins are typically localized to the nucleus and/or cytoplasm of plant cells. Based on these observations, it was suggested that lectin-mediated protein-carbohydrate interactions in the cytoplasm and nucleus play an important role in the physiology of plant cell stress (Van Damme et al., 2004, 2008). In addition, lectins may also be involved in normal plant development, though the information on this topic is scarce. Several proteins with lectin domains were demonstrated to be involved in the regulation of plant growth and morphogenesis (Lee et al., 2003; Jiang et al., 2007; Duan et al., 2010). Research on plant lectins has mainly focused on the proteins of LecRLK type (Boisson-Dernier et al., 2011; Vaid et al., 2012; Bellande et al., 2017; He et al., 2018; Van Holle and Van Damme, 2018), since the presence of kinase domain allows for the direct coupling of these proteins with signaling pathways.

The bulk of plant polymeric carbohydrates are deposited in cell walls. The complex carbohydrate diversity in plant cell walls actively changes over the course of plant development, suggesting the presence of mechanisms capable of selectively recognizing the structural parameters of polysaccharides. Plants develop several types of cell walls that are based on different non-cellulosic polysaccharides. In dicots, primary cell walls are characterized by high proportions of xyloglucan and pectins (Carpita and Gibeaut, 1993), secondary cell walls are enriched with xylans (Zhong et al., 2019), and tertiary cell walls contain rhamnogalacturonans I with specific structure (Gorshkova et al., 2018a). The profiles of cell wall glycoproteins may also differ between the different types of cell walls, as suggested from proteomics (Nilsson et al., 2010; Bygdell et al., 2017) and transcriptomics studies (Gorshkov et al., 2018). Lectins that are secreted into the apoplast or are anchored to the plasma membrane have direct access to cell wall polysaccharides. If there are lectins specialized for the carbohydrate motifs of certain cell wall polymers, their expression could differ at deposition of various cell wall types.

To determine that we have used the developing flax (Linum usitatissimum) stem as an established model system that has tissues with three basic types of cell wall. Since proteomics is quite complicated for cell wall research and yields only a limited proportion of the expected proteins (Albenne et al., 2014), we conducted a transcriptomics analysis to compare the mRNA levels for all flax genes encoding proteins with lectin domains in various stem tissues of developing plants and during gravitropic response that exemplifies the effect of an abiotic stressor. The pronounced differential expression of lectins demonstrated the involvement of lectins in various aspects of plant physiology, and relation of some proteins with lectin domains to distinct cell wall types.



MATERIALS AND METHODS


Input Data and Processing

The 40 flax transcriptome libraries considered in this study were previously obtained by us and deposited in the Sequence Read Archive (SRA) as BioProjects (PRJNA475325, PRJNA631357). The four RNA-Seq datasets from the stem apex (PRJNA229810, Zhang and Deyholos, 2016) were downloaded from the European Nucleotide Archive1 as fastq-files of raw data. The listed datasets include samples from various tissues of the flax stem consisting of cells with different types of cell wall. The detailed localization of samples on the flax stem is shown in Figure 1. The SAM (shoot apical meristem) and cPAR (cortical parenchyma) samples consist of cells with primary cell wall (PCW), same as the iFIBa and iFIBb samples that contain phloem fibers at the stage of intrusive growth; iFIBa, iFIBb and cPAR samples were isolated by cryosectioning and laser microdissection (Gorshkova et al., 2018b). The samples of xylem stem part (sXYLa, sXYLb) were enriched in cells with secondary cell walls (SCW) and isolated phloem fibers at the stage of tertiary cell wall (TCW) deposition constituted the samples tFIBa and tFIBb (Figure 1). Additionally, the set of SCW and TCW samples was obtained from the region of stem curvature formed in the course of gravitropic response to return the inclined plants to vertical position (Ibragimova et al., 2017; Gorshkov et al., 2018). Each segment of gravibending stems was cut along into halves and separated into pulling (PUL) and opposite (OPP) sides both in the xylem (inner part) and in the phloem (outer part); the outer peel of each stem side was used to isolate phloem fibers. Segments of the flax stem were collected 8 h, 24h and 96h after plant inclination (Figure 1).


[image: image]

FIGURE 1. Diagram of the samples collected from the flax stem. Abbreviations: SAM, shoot apical meristem; cPAR, cortical parenchyma; iFIB, phloem fibers at the stage of intrusive elongation; sXYL, stem xylem with secondary cell wall; tFIB, phloem fibers with tertiary cell walls; PCW, primary cell wall; SCW, secondary cell wall, TCW, tertiary cell wall.


After processing of raw reads by the BBDuk utility of BBTools v 37.022 the clean reads were mapped onto the flax genome downloaded from Phytozome v 12 (Goodstein et al., 2012; Wang et al., 2012) using HISAT2 v2.1.083 (Kim et al., 2015). Transcript abundance was determined by StringTie v2.0 (Pertea et al., 2016) and the number of all reads for each gene were calculated as total gene read (TGR) counts. DESeq2 v.1.28.1 as R package was used to normalize the counts per gene by the estimateSizeFactors function and to perform pairwise differential expression analysis (Love et al., 2015).



Identification of Genes Encoding Lectins of Different Families

The plant genes for proteins with lectin domains of different families were recognized by the name search of characteristic pfam domains (Pfam 33.1 database3; El-Gebali et al., 2019) in the Phytozome v12.1.6 database (4 Goodstein et al., 2012). The pfam domain names that were used to identify genes are listed in Table 1. Members of CRA lectin family were identified by the presence of cd02879 (GH18_plant_chitinase_class_V) domain using the CD-search tool (5 Lu et al., 2020). The protein sequences of plant genes were downloaded from the Phytozome v12.1.6 and from the Uniprot (release 2020_05) (6 The UniProt Consortium, 2019) databases. For each protein with an unreliable amino acid sequence (truncated, or significantly different from orthologous genes, or including not typical domains that were not in other members, etc.) based on genome sequence from Phytozome, the open reading frame as well as the intron-exon structure and protein sequence were re-predicted using Augustus program7, some sequences were additionally checked by FGENESH (8 Solovyev et al., 2006); if for any reason a reliable sequence for such proteins was not established (errors or gaps in the sequencing, SNPs, etc.) the sequence was used as taken from Phytozome. Revised sequences are presented in Supplementary File 1.


TABLE 1. Distribution of proteins with lectin domains in the flax genome by families.

[image: Table 1]The prediction of a signal peptide was performed using number of bioinformatics resources: SignalP-5.0 (9 Armenteros et al., 2019), PrediSi10, iPSORT (11 Bannai et al., 2002). The presence of transmembrane domain was performed using TMHMM v2.0 (12 Krogh et al., 2001) (Supplementary File 1). Domain organization of flax members of lectin families were resolved using the InterProScan tool implemented in the InterPro database (13 Mitchell et al., 2019) and was visualized in Adobe Illustrator CC 2017 software.

The putative subcellular localization of flax lectins was revealed as predicted for their A. thaliana homologs using SUBA4 (14 Hooper et al., 2017) and using LocTree3 service (15 Goldberg et al., 2014).



Quantification and Tissue Specificity Analysis of Gene Expression

In total, 32,870 from 43,486 genes were considered as expressed according to the cut-off TGR ≥ 16 at least in one sample (SEQC/MAQC-III Consortium, 2014) and were used for the analysis of differential expression. The regularized-logarithm transformation or rlog (Love et al., 2015) of the raw count data was used for hierarchical clustering of genes encoding proteins with lectins domain and the visualization by heatmap using the hclust function in R (R Core Team, 2014). A dendrogram and a heatmap were generated by the R function heatmap.2.

To characterize the differential expression of lectin genes depending on the type of cell wall at the input to DESeq2 we used datasets designated as PCW, SCW, TCW. In particular, dataset of PCW samples consisted of SAM, cPAR, iFIBa and iFIBb samples as biological replicates, SCW set consisted of sXYLa and sXYLb, whereas the tFIBa and tFIBb samples were used as biological replicates for TCW dataset. To be considered as differentially expressed, genes identified by DESeq2 were required to have at least the 2-fold change and padj < 0.01. The data of RNA-Seq were verified by qRT-PCR analysis for the selected 10 genes (Supplementary File 2).

To analyze the changes in gene expression in the course of graviresponse, the rlog-dataset of samples obtained from gravistimulated stems was used as input for clustering based not on absolute expression value but rather on the amount by which each gene deviates in a specific sample from the gene’s average across all samples (Love et al., 2015). Hence, in this case we centered the values of each gene in the samples and built a heatmap where color corresponds to the amount by which a gene expression variance deviates from the gene’s mean variance across all samples.

Additionally, on the basis of normalized TGR values for the lectin genes we calculated the index tau as tissue specificity score of a gene (Yanai et al., 2005; Kryuchkova-Mostacci and Robinson-Rechavi, 2016) using the roonysgalbi/tispec package in R16. The total set of samples to calculate the index tau included SAM, cPAR, the combined sample of iFIB as an average of iFIBa and iFIBb; sXYLa and sXYLb were averaged with the name sXYL, whereas tFIB was represented by averaging values of expression in tFIBa and tFIBb from plants grown in normal condition (Figure 1).



Phylogenetic Analysis

The obtained sequences of plant lectin-domain containing proteins were subjected to multiple alignments using the web-based service ClustalW (17 Madeira et al., 2019). The alignments were further exposed to a maximum likelihood phylogenetic analysis in IQTREE1.6.9 software (Nguyen et al., 2015). The best-fit models of sequence evolution were automatically computed in ModelFinder (IQTREE1.6.9) (Kalyaanamoorthy et al., 2017). Candidate models were selected according to Bayesian Information Criterion (BIC). The ultrafast bootstrap branch support (Minh et al., 2013) with 10,000 replicates was used to construct each dendrogram (values less than 95 are not significant). Unrooted trees were visualized using the web-based service iTOL 5.3 (18 Letunic and Bork, 2019) and corrected in Adobe Illustrator CC 2017.



RESULTS


Lectin Genes in the Flax Genome

The search for genes encoding lectin domain-containing proteins was performed using the Pfam database19 and the lists of lectin domains present in literature (Van Damme et al., 2008; Jiang et al., 2010; Bellande et al., 2017; Van Holle and Van Damme, 2019). It allowed for the identification of 407 genes in the flax genome (Table 1), which is approximately 1% of the total number of genes in the flax genome. We found representatives of 15 out of 18 described families of plant proteins with lectin domains (Table 1). Genes for members of 11 classical lectin families were recognized: amaranthins, calreticulins, homologs of class V chitinases (CRA), C-type lectins that require calcium ions for carbohydrate binding, the Euonymus europaeus lectin (EUL) family, the Galanthus nivalis agglutinin (GNA) family, the hevein family, the jacalin-related lectin family, the legume lectin family, the lysin motif (LysM) family, and the Nicotiana tabacum agglutinin (Nictaba) family. Lectins of the Agaricus bisporus agglutinin (ABA) and Cyanovirin-N (CV-N) families were not detected and have not been previously identified in angiosperms (Van Holle and Van Damme, 2019). Genes for members of the ricin B lectin family were not reliably identified in the current version of the flax genome, though they are present in other higher plants (Van Holle and Van Damme, 2019).

Representatives of two protein families, malectin and malectin-like, that are often, but not always considered among plant proteins with lectin domains (Bellande et al., 2017) were also added to the list (Table 1). Malectin and malectin-like proteins are included in the CAZy database (20 Henrissat and Davies, 1997) because in bacteria, malectin domains (PF11721 and structurally similar PF12819) are attached to various glycosidase domains (GH2, GH16). However, in plant proteins, malectin and malectin-like domains are not combined with the domains that are enzymatically active on carbohydrates (Bellande et al., 2017; Franck et al., 2018).

Two other protein families, which in addition to a lectin domain have another domain that indicates enzymatic activity with respect to the bound carbohydrate, were included in this study. Galactose-binding lectin and galectin-like proteins have domains characteristic for β-galactosidase and for galactosyltransferase, respectively. These proteins are present in the classification of plant lectins by Jiang et al. (2010), but are absent in the lists of lectins given by other researchers (Van Damme et al., 2008; Bellande et al., 2017). Based on the presence of the domains characteristic for lectins, we included these groups of proteins in our study. In the flax genome, galactose-binding lectins and galectin-like families contained 23 and 11 genes, respectively (Table 1).

Lectin families may have different names in the literature. For example, the GNA-lectins (Galanthus nivalis agglutinin; named according to the plant from which the first representative with a similar domain in plants was isolated) (Van Damme et al., 1987) are also named B-type lectins (Jiang et al., 2010), D-mannose-binding lectins [Phytozome v12.1.6 database ((See text footnote 4)Goodstein et al., 2012)], and G-type lectins (Bellande et al., 2017). Many LecRLKs belonging to this family are also known as S-locus protein kinases due to the presence of the S-locus domain, which is involved in pollen self-incompatibility (Van Holle et al., 2017). All abbreviations of lectin family names used in this text are given in Table 1.

Each lectin sequence was analyzed for the presence of a signal peptide and transmembrane domains. Members of several lectin families, including Nictaba, amaranthin, jacalin, and EUL, have neither signal nor transmembrane peptides (Table 1, Supplementary File 1). Such proteins are translated on the free ribosomes in the cytoplasm and later remain in the cytoplasm or can be translocated into the nucleus (Lannoo and Van Damme, 2010). Signal peptides were detected in the vast majority of the proteins from most of the lectin families, suggesting that they are synthesized on the ribosomes attached to the endoplasmic reticulum and can be retained in this compartment or further transported through the Golgi apparatus, exposed to the extracellular space, anchored to the plasma membrane, or deposited into the cell wall; another possibility is transportation to the vacuoles. Altogether, two thirds of flax lectins are membrane-bound, as indicated by the presence of transmembrane domains (Table 1).



General Characteristics of Lectin Expression in Flax Stem Tissues

To analyze the expression of genes for lectins in different parts of the flax stem, previously published RNA-Seq data (Zhang and Deyholos, 2016; Gorshkov et al., 2018, 2019; Gorshkova et al., 2018b; Mokshina et al., 2020) were used. The shoot apical meristem (SAM) sample contains young cells of various stem tissues at the beginning of their development. Cell division and elongation coupled with the formation of the primary cell wall (PCW) are characteristic for this stem zone. Primary cell wall deposition is also characteristic for fibers at the stage of intrusive elongation (iFIB) and for young cortical parenchyma (cPAR). Several cell types at a considerably more advanced stage of development constituted sXYL samples. Vessels, xylem fibers, and parenchyma of these samples have secondary cell walls (SCW) and are mainly involved in water transport and plant mechanical support (Esau, 1965). Finally, tFIB samples consist of the only cell type at a certain stage of development – phloem fibers that deposit tertiary cell walls (TCW) of specific composition, architecture, and function (Gorshkova et al., 2018a).

The expression levels of all lectin genes in the analyzed stem tissues of developing flax plants are given in Supplementary File 3. Approximately 75% of the genes for proteins with lectin domains present in the flax genome and constituting the families listed in Table 1 were expressed in at least one analyzed stem sample (threshold of TGR value ≥ 16).

To better understand the variation of lectin gene expression across all samples, including stem tissues of plants grown under normal conditions and after plant inclination and development of gravitropic response, we performed the hierarchical clustering of 302 expressed genes (TGR ≥ 16 in at least one sample) encoding lectins of various families. According to the resulting heatmap (Figure 2A) all samples were subdivided into three clusters that corresponded to the cell wall type. The PCW cluster that contained SAM, cPAR, and iFIB samples (n = 10) consisting of cells with primary cell wall, was separated from SCW and TCW clusters. The SCW and TCW clusters were closer in distance to each other than to PCW, and formed two separate clusters. Cluster SCW contained xylem tissues (n = 17) that included mainly cells with secondary walls, whereas the TCW cluster consisted of samples represented by phloem fibers at the stage of tertiary cell wall deposition (n = 17).


[image: image]

FIGURE 2. Expression pattern of genes encoding proteins with lectin domains in all of the analyzed tissue samples collected from a flax stem (A) and datasets used in the analyses (B). A heatmap with a dendrogram of hierarchical clustering is displayed in a grid where each row represents a gene (n = 302) and each column represents a sample (n = 44) with replicates. The color scale (–4 to 4) represents the Z–score, calculated by normalized expression values for lectin genes in different tissues (TGR ≥ 16 in at least one sample), where blue-white-red represents the genes with down–, unchanged, and upregulated expression, respectively. PCW, SCW, and TCW are the major clusters of samples (see text). Abbreviations: PCW, primary cell wall; SCW, secondary cell wall; and TCW, tertiary cell wall; tFIBb and sXYLb, isolated fibers with TCW and stem xylem with SCW of non-inclined plant, respectively; tFIBb_PUL8, tFIBb_PUL24, tFIBb_PUL96 – isolated fibers with TCW from pulling side of flax stem after 8, 24, 96 h of gravibending, respectively; tFIBb_OPP8, tFIBb_OPP24, tFIBb_OPP96 – isolated fibers with TCW from opposite side of flax stem after 8, 24, 96 h of gravibending, respectively; sXYLb_PUL8, sXYlb_PUL24, sXYLb_PUL96 – pulling side of stem xylem with SCW after 8, 24, 96 h of gravibending, respectively; sXYLb_OPP8, sXYlb_OPP24, sXYLb_OPP96 – opposite side of stem xylem with SCW after 8, 24, 96 h of gravibending.


Collectively, the visualization of expression patterns by heatmap demonstrated the presence of gene expression signatures associated with the distinct cell wall type both within the course of plant development and during gravitropic response induced by stem inclination. The findings herein determined the downstream analyses, which were conducted using two datasets: flax stem tissues under normal growth conditions and under conditions inducing a gravitropic response (Figure 2B). Further we considered the representatives of lectin families with certain expression characteristics starting from the dataset for samples collected from plants grown under normal conditions.



Genes for Proteins With Lectin Domains That Have Stable Expression Levels in All Analyzed Flax Tissues

Some genes encoding proteins with lectin domains exhibited similar levels of mRNA abundance in all analyzed stem parts. To identify the pool of stably expressed lectin genes, we calculated the tau-score for each lectin transcript in all samples of the dataset from the stem tissues under normal growth conditions (Figure 2B; Supplementary File 3). The tau-score may range from 0 to 1, with 0 and 1 indicating ubiquitously and specifically expressed genes, respectively (Yanai et al., 2005; Kryuchkova-Mostacci and Robinson-Rechavi, 2016). Based on the observed tau-scores (Supplementary File 3), the pool of flax lectin genes was extracted with the scores less than 0.15 that indicated an expression profile similar to house-keeping genes (Table 2).


TABLE 2. Linum usitatissimum genes encoding proteins with lectin domains with relatively constant expression values (the mean values of tau-score < 0.15 across all samples).

[image: Table 2]For the calreticulin (PF00262) family, high gene expression levels were found for all eight members in all analyzed tissues (Table 2), belonging to putative calreticulins (CALR - Lus10010923, Lus10010924, Lusl0031409, Lus10031410; CALRETICULIN-3 – Lus10020222, Lus10026849) and calnexins (CANX – Lus10032521, Lus10043021). The A. thaliana homologs of these genes encode glucose-binding lectins located in the endoplasmic reticulum (Lannoo and Van Damme, 2014). All flax lectins from the calreticulin family were predicted by the LocTree3 program to be localized in the endoplasmic reticulum (Table 2).

Genes for plasma membrane-localized proteins with lectin domains that had similar expression levels in all analyzed tissues included a noticeable proportion of genes with malectin (PF11721) and structurally related malectin-like (PF12819) domains (Table 2). Out of 61 flax genes that contain PF11721 or PF12819, one third was expressed at relatively constant levels (Figure 3, red dots). Most of these flax genes had LecRLK architecture, including Lus10028140 and Lus10042844, which are both homologous to AT3G46290 for HERKULES1 (HERK1) reported to take part in the regulation of plant development (Li et al., 2016). Lus10037887 (Figure 3) is homologous to AT5G54380 for THESEUS1 (THE1), a receptor kinase that mediates the response of growing plant cells to the perturbation of cellulose synthesis and may act as a cell-wall-integrity sensor (Hématy et al., 2007; Guo et al., 2009). In addition, constant expression levels (Table 2) were detected for genes encoding transmembrane proteins that have malectin domains but no kinase domains, like Lus10015320, Lus10034275, and Lus10041488; these were grouped together with RLP4 (AT1G28340) on the phylogenetic tree (Figure 3).
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FIGURE 3. Phylogenetic dendrogram of malectin (PF11721) and malectin–like (PF12819) family members of Arabidopsis thaliana and Linum usitatissimum. The A. thaliana gene names are given in black font; additional gene names are given according to descriptions in the Uniprot database (https://www.uniprot.org/; The UniProt Consortium, 2019). The L. usitatissimum gene names are given in dark blue font. The different colored dots next to L. usitatissimum gene names indicate genes with different expression patterns. The criteria used for different expression pattern identification as follow: red, the mean values of tau-score < 0.15 across all samples; light blue, DEGs upregulated in samples with primary CW; yellow, DEGs upregulated in samples with secondary CW; purple dots, DEGs upregulated in samples with tertiary CW. Flax genes with red, light blue, yellow, and purple dots are listed in Tables 2–5, respectively. White dots indicate genes that are not expressed in the analyzed flax samples, and gray dots indicate genes where the expression does not fit the chosen criteria for a certain expression pattern (expression values for these genes are given in Supplementary File 3). Numbers indicate the ultrafast bootstrap support values for some branches. Abbreviations: DEGs, differentially expressed genes, a pairwise comparison log2FC ≥ 1; padj ≥ 0.01, CW, cell wall.


Low level of expression specificity between various stem tissues of flax was also detected for the genes encoding plasma membrane-localized proteins from several other lectin families, like legume lectins, GNA lectins, C-type, and LysM (Table 2). C-type (PF00059) lectins are scarce in plant genomes, but are widely present in vertebrates (Tsaneva and Van Damme, 2020); flax has only two C-type lectins (Table 1) and both were expressed in all analyzed stem tissues (Table 2). Legume lectins (PF00139) (such as concanavalin A from jack beans (Leguminosae family), found in abundance in seeds of this taxonomic group) are quite numerous in the flax genome (Figure 4), which is similar to findings in other plant species (Bellande et al., 2017; Van Holle et al., 2017). Representatives of legume lectins have very divergent expression patterns (Figure 4, dots of different colors).
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FIGURE 4. Phylogenetic dendrogram of legume (PF00139) lectin family members of Arabidopsis thaliana and Linum usitatissimum. The A. thaliana gene names are given in black font; additional gene names are given according to descriptions in the Uniprot database (https://www.uniprot.org/; The UniProt Consortium, 2019). The L. usitatissimum gene names are given in dark blue font. The different colored dots next to L. usitatissimum gene names indicate genes with different expression patterns. The criteria used for different expression pattern identification as follow: red, the mean values of tau-score < 0.15 across all samples; light blue, DEGs upregulated in samples with primary CW; yellow, DEGs upregulated in samples with secondary CW; purple dots, DEGs upregulated in samples with tertiary CW. Flax genes with red, light blue, yellow, and purple dots are listed in Tables 2–5, respectively. White dots indicate genes that are not expressed in the analyzed flax samples, and gray dots indicate genes where the expression does not fit the chosen criteria for a certain expression pattern (expression values for these genes are given in Supplementary File 3). Numbers indicate the ultrafast bootstrap support values for some branches. Abbreviations: DEGs, differentially expressed genes, a pairwise comparison log2FC ≥ 1; padj ≥ 0.01, CW, cell wall.


Low tau scores were also found for several genes for proteins with PF14299 (Table 2). According to Phytozome, this domain is named PP2 (phloem protein 2); however, its carbohydrate-recognizing part is designated as Nictaba sequence (Van Holle and Van Damme, 2018). Within the framework of used classification, proteins with the PP2 domain belong to the Nictaba lectin family. The Nictaba domain specifically recognizes high-mannose N-glycans, complex N-glycans, and, to a lesser extent, – GlcNAc oligomers (Tsaneva and Van Damme, 2020). Proteins with a Nictaba domain are considered nucleocytoplasmic and were confirmed to interact with O-GlcNAc-modified histones in the nucleus (Delporte et al., 2014).

Most of the flax genes (e.g., Lus10032650, Lus10037238, and Lus10036154) for proteins with the galectin-like domain (PF00337) were actively expressed in all analyzed tissues (Table 2). In plants, this domain is present in several galactosyltransferases that form a small gene family (GALT1-6 in A. thaliana) within family 31 of glycosyltransferases (GT) according to CAZy (20Henrissat and Davies, 1997). GALT1 (AT1G26810) is a β-1,3-galactosyltransferase that adds galactose to a terminal β-N-acetylglucosamine during the formation of Lewis structures in N-glycans (Strasser et al., 2007; Showalter and Basu, 2016). The group of GALT1 homologs in flax was extended to four genes (Figure 5, Supplementary File 3). Out of 11 members of the galectin-like family in flax, all were predicted to possess transmembrane domains (Figure 5 and Table 1). Based on the LocTree3 (Table 2) prediction, flax galactosyltransferases with PF00337 domains are localized to membranes of the Golgi apparatus.
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FIGURE 5. Phylogenetic dendrogram of galectin–like (PF00337) domain-containing glycosyltransferases from family 31 of Arabidopsis thaliana and Linum usitatissimum. The A. thaliana gene names are given in black font; additional gene names are given according to descriptions in the Uniprot database (https://www.uniprot.org/; The UniProt Consortium, 2019). L. usitatissimum gene names are given in dark blue font. The numbers in parentheses reflect the number of predicted transmembrane domains according to TMHMM v2.0 prediction tool (http://www.cbs.dtu.dk/services/TMHMM/; Krogh et al., 2001). The different colored dots next to L. usitatissimum gene names indicate genes with different expression patterns. The criteria used for different expression pattern identification as follow: red, the mean values of tau-score < 0.15 across all samples; yellow, DEGs upregulated in samples with secondary CW. Flax genes with red and yellow dots are listed in Tables 2, 4, respectively. Gray dots indicate genes where the expression does not fit the chosen criteria (tau-score < 0.15 or DEGs) for a certain expression pattern (expression values for these genes are given in Supplementary File 3). Numbers indicate the ultrafast bootstrap support values for some branches. Abbreviations: DEGs – differentially expressed genes, a pairwise comparison log2FC ≥ 1, padj ≥ 0.01, CW, cell wall.


Some proteins with lectin domains from several families were predicted to be secreted into the cell wall (Table 2). Several β-galactosidases of the galactose-binding lectin family (PF02140) (Lus10000701, Lus10041798, and Lus10028348) were among them (Table 2). The in silico characterization of flax enzymes from this family was performed earlier (Hobson and Deyholos, 2013); lectin domains were found in 22 of the 43 flax β-galactosidases and were always appended to the protein C-terminus.

The only member of the EUL family (PF14200) in the flax genome, Lus10006551, was expressed in all analyzed tissues (Table 2). ArathEULS3 protein has been shown to interact with specific N-glycans using glycan microarrays representing major glycan structures of glycoproteins and glycolipids (Van Hove et al., 2011).



Differential Expression of Lectin Genes in Various Stem Tissues

The results from the hierarchical clustering and heatmap analyses of normalized expression values for 302 lectin-encoding genes indicated three groups of samples differing based on the type of cell wall: PCW, SCW, and TCW (Figure 2A). In the current study, the threshold of fold changes ≥ 2 in pairwise comparisons with other sample types (p ≤ 0.01, TGR ≥ 16 in at least one sample) was used to consider a gene as differentially expressed.


Genes for Proteins With Lectin Domains Upregulated in Tissues With Primary Cell Walls

Several lectin genes were predominantly expressed in SAM, together with other tissues with primary cell walls – cPAR and iFIB (Table 3). Among these tissues, genes for four flax malectins, homologs of A. thaliana genes for Di-glucose binding protein with kinesin motor domains were detected: Lus10025708 and Lus10035954, both homologous to AT2G22610; Lus10013714 and Lus10005582, both homologous to AT1G72250. The latter grouped a separate clade in the malectin family (Figure 3). Both A. thaliana homologs, named MDKIN1 (At1g72250) and MDKIN2 (At2g22610) (MALECTIN DOMAIN KINESIN) are expressed in cell division zones and in vasculature; their experimentally established intracellular localization is predominantly associated with nuclei (Galindo-Trigo et al., 2020).


TABLE 3. Linum usitatissimum genes encoding proteins with lectin domains upregulated in flax stem tissue samples with the primary cell wall.

[image: Table 3]Three lectin genes were detected with the established thresholds as upregulated predominantly in SAM (Table 3): Lus10021117 (homolog of AT5G01090 encoding legume lectin family protein with PF00139 domain), Lus10018191 and Lus10025643, both homologous to AT1G21880 with LysM domain (PF01476). The latter encodes a GPI-anchored protein named LYM1 that belongs to LecP and was characterized as participating in the recognition of bacterial peptidoglycan (Willmann et al., 2011).

Most of the lectins with upregulated gene expression in the samples with primary cell walls were localized in the plasma membrane according to the LocTree3 prediction. The examples included Lus10010867 and Lus10024365, which are homologous to AT3G55550, encoding legume-type lectin receptor kinase LECRKS4 (Bouwmeester and Govers, 2009) (Table 3). Some flax proteins with lectin domains with upregulated expression in cells depositing primary cell walls were predicted to be secreted; these included amaranthin (Lus10016109) and two β-galactosidases (Lus10003343 and Lus10022645, both homologous to AT5G63810) (Table 3). Nineteen flax genes for amaranthin-like lectins and their variable expression in flax tissues were previously characterized (Faruque et al., 2015), Lus10016109 was designated as LuALL7.



Genes for Proteins With Lectin Domains Upregulated in Samples Depositing Secondary Cell Walls

Numerous lectins were upregulated in sXYL samples (Table 4) that contain several cell types, all depositing secondary cell wall: vessels, xylem fibers, and xylem parenchyma. sXYL samples were collected in two locations of the stem (Figure 1); the expression data for sXYLa and sXYLb samples were combined and averaged to reveal genes upregulated during secondary cell wall deposition.


TABLE 4. Linum usitatissimum genes encoding proteins with lectin domains upregulated in flax stem tissue samples with the secondary cell wall.

[image: Table 4]The most common groups identified were lectins from GNA, legume, LysM, malectin, and Nictaba (PP2) families. Of these, only the latter family was not predicted to be localized to the plasma membrane or cell wall. Five genes with a Nictaba domain were upregulated in sXYL samples (Lus10031484, Lus10031473, Lus10031472, Lus10015209, and Lus10015208) and belong to a separate clade in the phylogenetic tree (Figure 6, yellow dots). All of these five genes were recognized as the homologs of AT1G09155, which encodes the F-box containing phloem protein PP2-B15 (Table 4).
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FIGURE 6. Phylogenetic dendrogram of Nictaba (PF14299) family members of Arabidopsis thaliana and Linum usitatissimum. The A. thaliana gene names are given in black font. The L. usitatissimum gene names are given in dark blue font. Originally characterized Nictaba lectin from Nicotiana tabacum (Chen et al., 2002) is given in pink font (protein name is given according to the Uniprot database (https://www.uniprot.org/; The UniProt Consortium, 2019). The different colored dots next to L. usitatissimum gene names indicate genes with different expression patterns. The criteria used for different expression pattern identification as follow: red, the mean values of tau-score < 0.15 across all samples; yellow, DEGs upregulated in samples with secondary CW; purple dots, DEGs upregulated in samples with tertiary CW. Flax genes with red, yellow, and purple dots are listed in Tables 2, 4, 5, respectively. White dots indicate genes that are not expressed in the analyzed flax samples, and gray dots indicate genes where the expression does not fit the chosen criteria (tau-score < 0.15 or DEGs) for a certain expression pattern (expression values for these genes are given in Supplementary File 3). Numbers indicate the ultrafast bootstrap support values for some branches. Abbreviations: DEGs, differentially expressed genes, a pairwise comparison log2FC ≥ 1, padj ≥ 0.01, CW, cell wall.


Members of GNA, legume, LysM-type, and malectin-like lectin families that were predominantly expressed in xylem were all predicted to be localized to the plasma membrane or secreted (Table 4). Among the GNA lectins detected as upregulated in sXYL samples, the most pronounced expression was observed for Lus10036639 and Lus10042940, which are both homologous to AT5G60900, encoding RLK1a, a receptor like kinase with leucine-rich repeats (Table 4). Six genes of legume lectin receptor kinases were activated in xylem tissues [flax homologs of LECRK-VIII.1 (AT3G53380), LECRK-VII.1 (AT4G04960), LECRK-IX.1 (AT5G10530), and LECRK-IV.1 (AT2G37710)] (Table 4).

Several genes for lectins with a LysM motif that localized to the plasma membrane were upregulated in sXYL samples (Table 4). These included Lus10008586, which is homologous to A. thaliana LYK5 (AT2G33580) – a protein with LecRLK type architecture, and Lus10023945, which is homologous to LYM2 (AT2G17120), a GPI-anchored LecP type protein. LYK5 and LYM2 belong to distant clades (Figure 7). Three LecRLP type lectins predicted to be secreted into the cell wall showed higher gene expression levels, namely Lus10031662, Lus10027407 (Table 4), and Lus10015011 (Supplementary File 3). These three LecRLP type lectins clustered together on the phylogenetic tree (Figure 7). The functions of their closest A. thaliana homologs, AT3G52790, AT4G25433 and AT5G62150 are unknown.
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FIGURE 7. Phylogenetic dendrogram of LysM (PF01453) lectin family members of Arabidopsis thaliana and Linum usitatissimum. The A. thaliana gene names are given in black font; additional gene names are given according to Shinya et al. (2012) and Wan et al. (2012). The L. usitatissimum gene names are given in dark blue font. The different colored dots next to L. usitatissimum gene names indicate genes with different expression patterns. The criteria used for different expression pattern identification as follow: red, the mean values of tau-score < 0.15 across all samples; light blue, DEGs upregulated in samples with primary CW; yellow, DEGs upregulated in samples with secondary CW; purple dots, DEGs upregulated in samples with tertiary CW. Flax genes with red, light blue, yellow, and purple dots are listed in Tables 2–5, respectively. White dots indicate genes that are not expressed in the analyzed flax samples, and gray dots indicate genes where the expression does not fit the chosen criteria for a certain expression pattern (expression values for these genes are given in Supplementary File 3). Numbers indicate the ultrafast bootstrap support values for some branches. Abbreviations: DEGs, differentially expressed genes, a pairwise comparison log2FC ≥ 1; padj ≥ 0.01, CW, cell wall.


Three genes for protein kinases with a malectin-like domain (PF12819), Lus10000562 (homologous to AT5G61350), Lus10025926, and Lus10038172 (both homologous to AT5G48740), showed an increased mRNA abundance in sXYL tissues compared to other samples (Table 4). Galactosyltransferase (Lus10036756) with a galectin-like domain that is homologous to GALT1 from A. thaliana also showed pronounced expression. GALT1 is a β-d-1,3-galactosyltransferase that is involved in the formation of N-glycans (Strasser et al., 2007). Expression of the specific isoform indicates some peculiarities of N-glycans in xylem tissue; however, nothing is currently known about N-glycoproteins that are specific to secondary cell walls.



Genes for Proteins With Lectin Domains Upregulated in Samples Depositing Tertiary Cell Wall

Tissue- and stage-specific expression of lectin genes was exemplified by flax phloem fibers isolated from the stem at an advanced stage of specialization when they deposited tertiary cell wall. Fibers were isolated at two locations in the stem, both located below the snap point (Figure 1; Gorshkova et al., 2003); the expression data for tFIBa and tFIBb samples were combined and averaged to reveal genes upregulated at the stage of tertiary cell wall deposition. Based on the expression profile, lectins from several families were considerably upregulated in fibers at this stage of development (Table 5).


TABLE 5. Linum usitatissimum genes encoding proteins with lectin domains upregulated in flax stem tissue samples with the tertiary cell wall.

[image: Table 5]Three genes encoding proteins with jacalin-like domains (PF01419), Lus10024290, Lus10024291 (both homologs of AT1G19715), and Lus10037605 (homolog of AT1G73040) were notably upregulated in tFIB. The flax genome contains only four jacalin genes, three of which were detected as highly activated in fibers depositing tertiary cell walls. No sequences for signal peptides and transmembrane domains were detected in flax jacalins (Table 1), however, the jacalin encoded by Lus10024290 with the highest expression level was predicted to be secreted into the cell wall by LocTree3 program (Table 5). The extracellular jacalin Horcolin devoid of a signal peptide was biochemically isolated from barley coleoptiles (Grunwald et al., 2007).

On the dendrogram, all flax jacalins localized within a small cluster that combined several sequences of rice and A. thaliana jacalins (Figure 8A). The jacalin domain is often present in proteins as tandem repeats, which can be combined with other domains (Eggermont et al., 2017). In accordance, two flax lectins belonging to this protein family had three jacalin domains in a row, while two others had only one (Figure 8B). The jacalin with a stable character of expression (Lus10006866, Table 2) had a jacalin domain combined with the F-box, while those upregulated in fibers depositing tertiary cell wall have only jacalin domains (Figure 8B).
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FIGURE 8. Phylogenetic dendrogram (A) of jacalin (PF01419) lectin family members of Arabidopsis thaliana, Linum usitatissimum, and Oryza sativa (Japonica Group) and domain size and distribution (B) in their protein sequences. (A) The A. thaliana gene names are given in black font, L. usitatissimum gene names are given in dark blue font, and O. sativa gene names are given in green font. The different colored dots next to L. usitatissimum gene names indicate genes with different expression patterns. The criteria used for different expression pattern identification as follow: red, the mean values of tau-score < 0.15 across all samples; purple dots, DEGs upregulated in samples with tertiary CW. Flax genes with red and purple dots are listed in Tables 2, 5, respectively. Numbers indicate the ultrafast bootstrap support values for some branches. (B) The domain size and distribution are shown according to results of domain search using the InterProScan tool of the InterPro database (https://www.ebi.ac.uk/interpro/; Mitchell et al., 2019). Numbers indicate the length of amino acid sequences. Abbreviations: DEGs, differentially expressed genes, a pairwise comparison log2FC ≥ 1; padj ≥ 0.01, CW, cell wall.


The LuALL4 (Lus10029186) and LuALL11 (Lus10010708) members of the amaranthin family (PF07468) (Faruque et al., 2015) were upregulated in the fibers depositing tertiary cell wall. These lectins, which are distinct from LuALL7 mainly expressed in tissues with primary cell wall, have a pathogenesis-related protein Bet v I domain. The four flax genes belonging to the Nictaba family were also upregulated at the tertiary cell wall formation. Two of them are homologs to the A. thaliana phloem protein PP2-A1 (AT4G19840), which contains only a Nictaba domain and is part of the phloem protein bodies in the sieve elements. Recombinant protein production and glycan array analysis demonstrated the binding of PP2-A1 to N-acetylglucosamine oligomers, high-mannose N-glycans, and 9-acyl-N-acetylneuraminic sialic acid (Beneteau et al., 2010).

Over a half of lectins upregulated in fibers with tertiary cell walls were predicted to localize at the plasma membrane (Table 5). Among them, the most numerous were LecRLKs with a GNA domain (PF01453) and genes belonging to the malectin (PF11721) family. Lus10009582 encoding the lectin kinase with the highest expression among GNA-type lectins, was specifically expressed in tFIB samples (Table 5). Two genes from the malectin family, Lus10038153 and Lus10041937, which are both homologous to AT1G53440 that encodes leucine-rich repeat transmembrane protein kinases, were additionally highly expressed in cortical parenchyma. Two other malectins, Lus10032971 and Lus10032976 are homologous to FERONIA (AT3G51550), which is the receptor-like kinase in A. thaliana demonstrated to interact with cell wall pectins and to be involved in numerous developmental processes (Li et al., 2018).



Changes in Lectin Gene Expression Upon Plant Gravistimulation

To characterize the expression of lectin genes during induced gravitropic response, we used a dataset including samples from the control non-inclined plants (sXYLb and tFIBb) and samples from the region of the formation of stem curvature developed to return the inclined plants to vertical position (Ibragimova et al., 2017; Gorshkov et al., 2018). Each stem segment was separated into pulling (PUL) and opposite (OPP) sides both in the xylem and in the phloem (Figure 1); the outer peel of each stem side was used to isolate phloem fibers.

To identify the most prominent representatives of lectins expressed during gravitropic response, we performed gene clustering based not on the absolute expression strength but rather on the amount by which each gene deviates in a specific sample from the gene’s average across all samples. Hence, we centered the values of each gene in the samples and built a heat map. The top 30 genes with the highest variance of expression levels across samples are shown in the Figure 9 and Table 6.
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FIGURE 9. Changes in expression of Linum usitatissimum genes for proteins with lectin domains during graviresponse. A heatmap of the top 30 lectin genes with the highest variance across samples from control plants (sXYLb and tFIBb) and from the segment with gravibending stems at various time points. Sample information is shown with colored bars at the top of the heatmap and abbreviations at the bottom. The color of the heatmap corresponds to the amount by which the variation of gene expression deviates from the gene’s mean variance across all samples. tFIBb and sXYLb – isolated fibers with TCW and stem xylem with SCW of non-inclined plant, respectively; tFIBb_PUL8, tFIBb_PUL24, tFIBb_PUL96 – isolated fibers with TCW from pulling side of flax stem after 8, 24, 96 h of gravibending, respectively; tFIBb_OPP8, tFIBb_OPP24, tFIBb_OPP96 – isolated fibers with TCW from opposite side of flax stem after 8, 24, 96 h of gravibending, respectively; sXYLb_PUL8, sXYlb_PUL24, sXYLb_PUL96 – pulling side of stem xylem with SCW after 8, 24, 96 h of gravibending, respectively; sXYLb_OPP8, sXYlb_OPP24, sXYLb_OPP96– opposite side of stem xylem with SCW after 8, 24, 96 h of gravibending. Abbreviations: SCW, secondary cell wall; and TCW, tertiary cell wall.



TABLE 6. Changes in expression of Linum usitatissimum genes for proteins with lectin domains during graviresponse.

[image: Table 6]Results of the clustering analysis showed three expression patterns of lectin genes in plants subjected to gravistimulation (Figure 9 and Table 6). Cluster 1 was dominated by transcripts abundant in phloem fibers (Figure 9 and Table 6, Cluster 1), moreover, 3 out 7 genes (genes for GNA lectin Lus10009582, for amarantin Lus10029186, and for hevein Lus10006552) of this cluster were already mentioned as genes specifically expressed in tFIB samples (see section “Genes for Proteins With Lectin Domains Upregulated in Samples Depositing Tertiary Cell Wall,” Table 5). Cluster 2 was represented by lectin genes, which were up-regulated in xylem (Figure 9 and Table 6, Cluster 2), and most of genes in this cluster were designated as DEGs upregulated in sXYL samples fibers (see section “Genes for Proteins With Lectin Domains Upregulated in Samples Depositing Secondary Cell Walls”). Cluster 3 grouped transcripts that had high expression in analyzed tissues of both non-inclined plants and gravistimulated plants (8 h after inclination) and further were drastically decreased (Figure 9 and Table 6, Cluster 3); this cluster included 3 genes for lectins of Nictaba family (Lus10031472, Lus10031473, Lus10031484) that were upregulated in sXYL samples (see section “Genes for Proteins With Lectin Domains Upregulated in Samples Depositing Secondary Cell Walls”) and 2 genes for lectins of Malectin family (Lus10038153 and Lus10041937) that were upregulated in tFIB samples (see section “Genes for Proteins With Lectin Domains Upregulated in Samples Depositing Tertiary Cell Wall,” Table 5).

The expression levels of genes encoding proteins with lectin domains from different families changed substantially after gravistimulation (Figure 9 and Table 6). The expression patterns of lectin genes that differed between various tissues (tFIB and sXYL) and between various time points in the course of gravitropic response development (8 h, 24 h, and 96 h) were revealed.



DISCUSSION


The Set of Proteins Within Some Lectin Families Varies Between Plant Species

The total number of lectin genes in the flax genome, over 400 genes, is among the highest described for a plant species (Van Holle et al., 2017). The proportion of the number of genes in different lectin families is similar to that described in the literature for other higher plant species (Jiang et al., 2010; Bellande et al., 2017; Van Holle et al., 2017). The most numerous lectin families are GNA-type (112 representatives) and legume-type lectins (72 representatives) that are characteristic for plants and were historically the earliest described (Table 1). Some lectin families have quite variable numbers of members between plant species. An extreme example is the amaranthin-like lectin family, which is not ubiquitous among angiosperms. Many taxonomically distant plant species (e.g., A. thaliana, soybean, poplar, and rice) do not have amaranthin-like lectins in their genomes, while others (apple, hemp, maize, cucumber, etc.) have amaranthin-like lectins that are represented by multigene families that account for up to 24 members (Dang et al., 2017); flax has one of the largest families (Faruque et al., 2015; Table 1). On the other hand, the group of flax jacalin-like lectins consists of only four genes, in contrast to the several dozen representatives in the genomes of rice and A. thaliana. In A. thaliana, the jacalin family is among the largest, comprising almost a quarter of all lectins (Van Holle et al., 2017).

In the phylogenetic trees of lectin families, large groups of members from different plant species may be fully separated. The large clade of 35 malectin-like proteins in A. thaliana, which includes MEE39 and PAM74, does not have a flax counterpart (Figure 3). Similarly, flax is lacking some large clades of legume-type lectins (Figure 4). The distribution of jacalins present in A. thaliana and rice genomes on the phylogenetic tree is almost mutually exclusive (Van Holle et al., 2017, Figures 8A,B); flax jacalins are localized only within a small group that is mutual for all three species. The divergent sets of proteins within several lectin families indicate that these proteins are among those determining the specificity of development and reaction to biotic and abiotic stressors between plant species.



Proteins With Lectin Domains Are Widely Involved in the Life of Plants

The expression of proteins with lectin domains in different tissues of the same organ was analyzed using flax stem. Three quarters of proteins with lectin domains present in the flax genome were expressed in stem tissues (TGR > 50), indicating the wide involvement of lectins in the everyday life of plant organisms (Table 1). In several lectin families that had a small number of members, such as calreticulins and proteins with C-type and EUL domains, all members were expressed in all analyzed tissues, suggesting the involvement in basic processes. Calreticulins, for example, are located in endoplasmic reticulum and ensure proper folding and quality control of the synthesized secretory and membrane glycoproteins before exiting the endoplasmic reticulum (Lannoo and Van Damme, 2014). Unlike classical chaperones, which interact with the peptide part of the substrates, CANX and CALR bind to oligosaccharide chains of glycoproteins. A high proportion of the expressed genes but with variable expression levels in different samples was revealed for most of the other lectin families (Supplementary File 3), including proteins with GNA-type, legume-type, LysM, malectin, Nictaba, galactose-binding lectin, and galectin-like domains.

The function of lectins is often associated with a plant’s reaction to pathogens (De Hoff et al., 2009; Vandenborre et al., 2011). However, plant immunity and development often rely on similar or overlapping cellular mechanisms for signal recognition and transduction (Jamieson et al., 2018). A genome-wide analysis of all flax proteins with lectin domains demonstrates that lectins are actively and differentially expressed both under normal growth conditions and under abiotic stress conditions including during gravitropic response. The expression of flax lectins is specific for various tissues and also for the different stages of cell development such as in phloem fibers at intrusive elongation and tertiary cell wall deposition stages (Supplementary File 3). Though the flax plants sampled in this study were grown under non-sterile conditions and it cannot be excluded that the expression of some lectins was associated with the reaction to microorganisms, the high proportion of transcribed genes for lectins, their differential expression in various tissues and at various stages of the distinct cell type development, together with the dynamic changes of expression under the influence of abiotic factors suggest that proteins with lectin domains are widely involved in plant development, tissue specialization, and reaction to the effect of abiotic stressors.

Proteins with the same lectin domain can be localized within different subcellular structures and fulfill different functions. Most of the lectins are chimerolectins, i.e., proteins with additional domains (Bellande et al., 2017; Eggermont et al., 2017). The combinations of various domains in a protein are variable, especially considering proteins from organisms in different kingdoms. For example, there are vast differences in the proteins with galectin-like domains (PF00337). In animals, the galectins are small, mainly extracellular proteins secreted by a non-classical exocytic pathway; they contribute to cell–cell and cell–matrix interactions due to the processes of multivalent carbohydrate recognition combined with galectin di- and oligomerization (Dodd and Drickamer, 2001; Nabi et al., 2015). In plants, the same characteristic domain is present within several galactosyltransferases, like in A. thaliana and flax (Figure 5). According to the current definitions, if taken strictly, the same domain should be considered lectin in animals and CBM in plants. Moreover, differences can be detected even within a family. In A. thaliana, the protein AT4G19810 from the class V chitinase-related agglutinin (CRA) family possesses chitinase activity and cannot be referred to as a lectin by definition (Eggermont et al., 2017). Lectins are primarily searched for based on corresponding protein domains, especially in full genomic studies (Bellande et al., 2017; Eggermont et al., 2017, current study); however, this method cannot guarantee the absence of enzymatic activity in protein. This complicates the identification and definition of plant lectins, and the lists of plant lectin families in classifications suggested by various authors do not fully match (Table 1). In our study, we have considered all proteins with lectin domains, since the presence of a carbohydrate-recognizing domain in a protein may add some important features to its function.



Numerous Lectins Have the Potential to Interact With Cell Wall Glycans

Many plant lectins function in the cytoplasm and nucleus, whereas others are exposed to the cell surface because they are secreted into the cell wall or anchored to the plasma membrane and have an extracellular part of the protein. The interaction of some lectins with the cell wall or with certain cell wall glycans was demonstrated by various approaches. The direct association with polygalacturonic acid could be identified for plasma membrane receptor-like kinase with the malectin domain (Feng et al., 2018). The association with cell wall components of another transmembrane protein that has a malectin domain but no kinase domain was demonstrated at the analysis of plasmolyzed cells in lateral roots of A. thaliana (Schürholz, 2019). Similar experiments showed that GFP-tagged THE1 and FER are also tightly bound to the cell wall (Hématy et al., 2007; Li et al., 2018). The lectin receptor kinase with a legume-type domain is involved in maintaining cell wall-plasma membrane adhesion through protein–protein interactions with the participation of the tripeptide motifs Arg-Gly-Asp (RGD) (Gouget et al., 2006). Lectins of various architectural types, such as LecP, LecRLPs, and LecRLKs, are readily found by proteomic approaches both in the cell wall and plasma membrane (Jamet et al., 2008; Bellande et al., 2017). The secretion of some lectins without signal peptides into the cell wall via non-classical way was demonstrated for animal galectins (Delacour et al., 2009) and plant proteins with EUL (Jamet et al., 2008; Dubiel et al., 2020) and jacalin-like (Pinedo et al., 2012, 2015) domains.

The hierarchical clustering grouped all analyzed samples according to the cell wall type (Figure 2A). Phloem fibers at the intrusive elongation stage were grouped together with other tissues depositing primary cell wall rather than together with phloem fibers at the later stage of development when they deposit tertiary cell wall. The majority of genes upregulated in tissues with distinct cell wall types encode lectins localized at the plasma membrane or secreted into the apoplast as predicted by LocTree3 service (Tables 3–5). Thus, the encoded proteins have the potential to directly interact with cell wall glycans.

A characteristic feature of lectins is di- or tetramerization that may involve homo- and hetero-interactions (Müller et al., 2016). Lectins of various architectural types can take part in such interactions. For example, RLPs were suggested to function as a specificity switch for ligand-receptor recognition (Jamieson et al., 2018). In addition, interactions of proteins with lectin domains depend on ligand binding. Glycan sequences characteristic to certain cell wall types and lectins that are specifically upregulated and/or are present in tissues with various cell wall types may provide the platform on which to arrange specific signaling complexes. This is indicated by the comprehensive analysis of all proteins with lectin domains that reveals the specific expression patterns coupled to cell wall type in various flax stem tissues (Tables 3–5).



Differentially Expressed Flax Lectins Between Samples With Distinct Cell Wall Types

Proteins with lectin domains that are differentially expressed in tissues with distinct cell wall types belong to various lectin families (Tables 3–5). GNA-type lectins comprise the largest lectin family in flax (Table 1), same as in many other plant species (Van Holle et al., 2017). GNA-type lectins have a carbohydrate-binding domain of approximately 150 amino acids, which binds D-mannose and has a conserved mannose-binding motif Q-X-D-X-N-X-V-X-Y (Van Damme et al., 2008; Shimokawa et al., 2012). Genes for GNA-type lectins were actively expressed in flax stem tissues (Table 1) but were rather poorly related to cell wall type, since their numbers among the differentially expressed tissues were low (Tables 3–5). Most of the GNA-type lectins have expression patterns that do not overcome the thresholds used in the current paper and are marked by gray dots in Supplementary File 4. No representative of this family was upregulated in tissues depositing primary cell wall. However, several lectins were detected for the tertiary cell wall. Lus10009582 and Lus10031591, which encode the LecRLKs with the highest expression in fibers among GNA-type lectins, were quite specifically expressed in tFIB samples (Table 5). Several lectins with the LysM motif were upregulated in sXYL samples in the secondary cell wall deposition stage (Table 4). These lectins include proteins with the LecRLK type of architecture that were localized to the plasma membrane, namely, Lus10023945 (homologous to AT2G17120 (LYM2) and Lus10008586 (AT2G33580, LYK5), which belong to distant clades, and three LecRLP type lectins predicted to be secreted into the cell wall, Lus10031662, Lus10027407, and Lus10015011, which all cluster together in the phylogenetic tree (Figure 7).

The legume-type lectin family had representatives upregulated in tissues with each cell wall type. LecRK from this family was differentially expressed in samples with primary, secondary, and tertiary cell walls. For example, Lus10010867 and Lus10024365, which are homologous to AT3G555530, encoding the legume-type lectin receptor kinase LECRKS7 (Bouwmeester and Govers, 2009), were upregulated in tissues with primary cell walls (Table 3). The set of genes for legume-type lectin receptor kinases were activated in sXYL samples with secondary cell wall (Table 4). All of these kinases were predicted to be localized at the plasma membrane. However, information on the different properties of distinct family representatives is scarce, which is also true for many proteins with lectin domains from other families. This limits the discussion of the functional relevance of the changes in gene expression among lectins.

The most differential expression patterns among the proteins with lectin domains in samples with distinct cell wall types were observed for proteins with jacalin-like and malectin (together with malectin-like) domains, as well as for β-galactosidases with lectin domains. Out of four genes for proteins with jacalin-like domain, three were specifically upregulated in fibers depositing tertiary cell wall (Table 5). The fourth gene, distinguished by the presence of F-box (Figure 8B), was expressed in all analyzed tissues (Table 2). The encoded proteins do not have signal peptides and are considered nucleocytoplasmic mannose-binding proteins (Van Holle and Van Damme, 2019); however, research supports cell wall localization and secretion of such proteins via a non-classical pathway (Grunwald et al., 2007; Pinedo et al., 2012, 2015). Flax jacalin encoded by Lus10024290 was predicted to be secreted into the cell wall (Table 5).

Both malectin and malectin-like domains are found in proteins of organisms from various kingdoms; however, plants have many more malectin, malectin-like, legume, and GNA-type domains compared with organisms from other kingdoms (Bellande et al., 2017). In animals, malectin is a well-characterized membrane-anchored endoplasmic reticulum protein that recognizes and binds Glc2-N-glycan, thus playing a role in the early stages of protein N-glycosylation (Schallus et al., 2008). In plants, this domain is found in a number of receptor kinases localized to the plasma membrane (Franck et al., 2018), indicating that malectin domains have different functions in different kingdoms. The expression patterns of various genes for malectin and malectin-like domains in flax tissues are very diverse (Tables 2–5). Genes for four flax malectins, which are homologs of A. thaliana genes for di-glucose binding protein with a kinesin motor domain, grouped as a separate clade in the malectin family (Figure 3). All of them were upregulated in tissues with primary cell wall. Two other malectins, Lus10032971 and Lus10032976 are homologous to FERONIA (AT3G51550) – a receptor-like kinase that was demonstrated to interact with cell wall pectins and to be involved in numerous developmental processes (Li et al., 2016). In A. thaliana seedlings, FERONIA was identified as a key regulator in mechano-sensing (Shih et al., 2014; Doblas et al., 2018). In flax, the expression of FERONIA homologs was highly up-regulated in fibers depositing tertiary cell wall. This cell wall type is deposited only in fibers and is considered to have a special mechanical function by providing tension in cellulose microfibrils (Gorshkova et al., 2018a; Almeras et al., 2020). The presence of specific types of pectins is characteristic for tertiary cell walls (Mikshina et al., 2013). Thus, the enhanced expression of FERONIA-like mechano-sensors is very relevant to the composition and function of fibers with tertiary cell wall.

Several β-galactosidases with a lectin domain had expression patterns coupled to the cell wall type; for example, four of them were upregulated in tissues with primary cell wall. All plant β-galactosidases belong to GH35 in CAZy database (Chandrasekar and van der Hoorn, 2016). In flax, among the proteins with the Glyco_hydro_35 (PF01301) domain, the main catalytic domain of GH-35 β-galactosidases, only a portion also had the PF02140 domain (24 out of 43). Similarly, this was observed in jute (only six out of 11 β-galactosidases had galactose-binding lectin domains; Satya et al., 2018), tomato, and A. thaliana (12 out of 17 and 10 out of 17, respectively; Chandrasekar and van der Hoorn, 2016), while the lectin domain was present in all 17 β-galactosidases detected in peach (Guo et al., 2018). The β-galactosidases (Lus10028848 and Lus10008974) that are known as key players in the tertiary cell wall structure of flax fibers (Roach et al., 2011; Gorshkova et al., 2018a) are devoid of the PF02140 domain. This domain, if present, is a C-terminal domain that is homologous to galactose- and rhamnose-binding animal lectins, which is designated a SUEL (Sea Urchin Egg Lectin)-type carbohydrate-binding domain. The structure and function of this domain in rice β-galactosidase, OsBGal1, was studied in detail (Rimlumduan et al., 2016). Although the binding of galactose and rhamnose was predicted for OsBGal1 based on amino acid sequence homology with SUEL lectin, binding to rhamnose, galactose, glucose, β-1,4-galactobiose, and raffinose was not observed in NMR experiments. Thus, experimental identification of carbohydrate specificity of the PF02140 domain is still required, as is the identification of carbohydrate specificity for the vast majority of plant lectins. Moreover, some lectins, like Nictaba, have many promiscuous carbohydrate binding sites and are capable of interacting with different carbohydrate motifs (Delporte et al., 2015).

Altogether, the expression of many proteins with lectin domains is related to the formation of the carbohydrate-enriched compartment of plant cell – the wall. Moreover, distinct cell wall types have both shared and “personal” cell wall-related proteins with lectin domains, the expression of the latter is highly upregulated at the formation of PCW, SCW, or TCW. This can be coupled to the peculiarities of glycan composition in various cell wall types. Thus, in-depth further studies of lectin specificity in relation to plant cell wall polymers are highly demanded. The distinct combinations of lectins and complex carbohydrates may give rise to specific regulatory modes characteristic for certain cell wall types. The diversity of the specific recognition systems on the cell surface of various tissues may enrich the complex regulation of plant organism development and reaction to abiotic stress.
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The extensin (EXT) network is elaborated by the covalent intermolecular crosslinking of EXT glycoprotein monomers, and its proper assembly is important for numerous aspects of basic wall architecture and cellular defense. In this review, we discuss new advances in the secretion of EXT monomers and the molecular drivers of EXT network self-assembly. Many of the functions of EXTs are conferred through covalent crosslinking into the wall, so we also discuss the different types of known intermolecular crosslinks, the enzymes that are involved, as well as the potential for additional crosslinks that are yet to be identified. EXTs also function in wall architecture independent of crosslinking status, and therefore, we explore the role of non-crosslinking EXTs. As EXT crosslinking is upregulated in response to wounding and pathogen infection, we discuss a potential regulatory mechanism to control covalent crosslinking and its relationship to the subcellular localization of the crosslinking enzymes.
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INTRODUCTION

Plant cell walls form the basis of plant stature and morphology. Cell walls are complex supramolecular structures composed mostly of carbohydrate, lignin, and glycoprotein polymers. Plant cells produce two types of cell walls: a thinner primary wall that is deposited as plant cells grow and elongate, and a thicker secondary wall that accumulates after cell growth ceases. As these walls are produced, individual cell wall polymers undergo molecular assembly to form three-dimensional composite networks with specific physiochemical properties tailored to individual cell types. Exactly how these networks are assembled remains a bit of a mystery.

Many cell wall polymers become crosslinked into the wall. Crosslinking can impart architectural stabilization for normal wall reinforcement, but also to build physical barriers in response to pathogen infection or wounding. Here, we use the term “crosslink” in a broader sense to include both non-covalent and covalent interactions among cell wall polymers to form interacting networks that stabilize wall architecture (Fry, 1986). Crosslinks can be divided into two categories: homopolymeric crosslinks and heteropolymeric crosslinks. The association of glucan chains by hydrogen bonding (Atalla and Vanderhart, 1988; Delmer and Amor, 1995; Haigler et al., 2016), the crosslinking of hemicellulose polymers by xyloglucan endotransglucosylase/hydrolases (Rose et al., 2002), Ca+2 crosslinking of homogalacturonans, and extensin (EXT) crosslinking by covalent tyrosine linkages (Held et al., 2004) may all be considered as examples of homopolymeric crosslinking. Various types of heteropolymeric crosslinks have also been described. For example, linkages between hemicellulose and cellulose microfibrils (Bauer et al., 1973; Hayashi, 1989; Carpita and Gibeaut, 1993; Dick-Pérez et al., 2011), pectin and cellulose (Dick-Pérez et al., 2011), pectin and hemicellulose with arabinogalactan protein (AGP; Tan et al., 2013), EXT and pectin (Qi et al., 1995; Nunez et al., 2009), AGP with pectin (Hijazi et al., 2014a), cinnamic acid derivatives with hemicelluloses (Fry, 1986; Mueller-Harvey et al., 1986; Ishii, 1991; Ishii and Tobita, 1993), and cinnamic acid derivatives and lignin (Ralph et al., 1995; Jung, 2003) have all been demonstrated. Further, linkages between AGP and EXT (Tan et al., 2018), cinnamic acid derivatives and pectin side chains (Levigne et al., 2004), and EXT with lignin (Cong et al., 2013) have also been suggested. Thus, it is plausible that any given wall polymer has at least one type of crosslink with the other cell wall polymers. Having multiply interconnected polymeric networks (hemicellulose, pectin, and structural glycoproteins) may facilitate load sharing in response to turgor-driven wall extension by increasing stress distribution (Park and Cosgrove, 2012). Identification of these crosslinks has been difficult, in part due to their relatively low abundance within the wall, making them proverbial “needles in a haystack.” The wide variety of wall polymers and diversity of known crosslinks to date also suggest that there are most certainly other crosslinks yet to be identified.

One of the best-studied cases of homopolymeric cell wall polymer crosslinking involves a class of hydroxyproline-rich glycoproteins (HRGPs) known as EXTs. EXT crosslinking is necessary for general wall architecture, integrity, and development (Sadava and Chrispeels, 1973; Goodenough and Heuser, 1985; Goodenough et al., 1986; Hong et al., 1989; Knox et al., 1991; Pennell et al., 1991; Goldman et al., 1992) and also plays specific physiological roles in positioning the cell plate for the first asymmetric division during embryogenesis (Hall and Cannon, 2002; Cannon et al., 2008), pollen tube growth (Mecchia et al., 2017; Fabrice et al., 2018; Sede et al., 2018), root hair growth (Baumberger et al., 2001, 2003; Velasquez et al., 2011), mechanical wounding (Chen and Varner, 1985; Showalter et al., 1991; Hirsinger et al., 1999; Salvà and Jamet, 2001; Merkouropoulos and Shirsat, 2003; Guzzardi et al., 2004), and stress and pathogen responses (Hammerschmidt et al., 1984; Showalter et al., 1985; Mazau and Esquerré-Tugayé, 1986; Lawton and Lamb, 1987; Bradley et al., 1992; Merkouropoulos and Shirsat, 2003).

Many of the functions of EXTs are a result of their intermolecular interactions and crosslinking properties in the wall. Through these interactions, EXTs are thought to help template primary wall architecture as well as participate in the cessation of primary wall formation. Here, we focus on a discussion of the literature surrounding the self-assembly and covalent crosslinking of the EXT structural glycoprotein network. After providing a brief discussion of EXT structure and composition, we take a look at recent advances in cell wall glycoprotein analyses and the enzymes responsible for the covalent crosslinking of EXTs.



THE HRGP SUPERFAMILY: A BRIEF OVERVIEW ON CLASSIFICATION, POST-TRANSLATIONAL MODIFICATION, AND SECRETION


HRGP Classifications

Structural glycoproteins of the plant cell wall are both structurally and functionally diverse and most belong to the HRGP superfamily, which consists of a broad continuum of glycoproteins. HRGPs can be loosely categorized into subclasses, ranging from the heavily glycosylated AGPs to the lightly glycosylated proline-rich proteins (PRPs). Intermediate to these two HRGP subgroups are the network-forming EXT glycoproteins. Our discussion here focuses on the classical EXTs, because they tend to have the highest levels of molecular symmetry, which is important for wall scaffolding, and are enriched in crosslinking motifs (Liu et al., 2016), which means they are able to undergo covalent crosslinking to form the polymeric EXT wall network. A defining structural feature of classical EXTs is that they possess EXT domains that are characterized as having multiple [-Ser-Hyp3-5-]n peptide repeats (Kieliszewski and Lamport, 1994; Kieliszewski, 2001). These repeat [-Ser-Hyp3-5-]n modules are frequently interspaced by a variety of tyrosine (Tyr)-containing crosslinking motifs (esp. -Tyr-X-Tyr-; Figure 1A), which are important for EXT self-assembly and covalent crosslinking within the wall. Covalent EXT crosslinking by specialized class III peroxidases known as extensin peroxidases (EPs) results in the insolubilization of EXTs and limits their extraction from the wall. While many classical EXT precursors are covalently crosslinked into the wall, a portion of EXT precursors remains ionically associated with the wall but is non-covalently crosslinked (NCL EXTs). These NCL EXT precursors may play an equally important role in stabilizing wall networks (discussed further below).

[image: Figure 1]

FIGURE 1. Model for extensin (EXT) network assembly and crosslinking. (A) EXT precursors self-align through amphiphilic interactions between alternating hydrophilic Hyp-glycomodules (Hyp-O-Ara3-5 and Ser-O-Gal) and hydrophobic crosslinking motifs (-Tyr-X-Tyr-X). Intermolecular crosslinks such as pulcherosine (Pul) and di-isodityrosine (di-IDT) and intramolecular crosslinks via isodityrosine (IDT) are indicated. Intermolecular crosslinks are catalyzed by extensin peroxidases (EPs) and result in insolubilization of EXT precursors in the cell wall. (B) Schematic presentation of “end-to-end” and “like-with-like” arrangements during amphiphilic self-assembly of EXTs (Cannon et al., 2008). While “end-to-end” arrangement may favor branching and network elongation, “like-with-like” self-assembly may contribute to the thickness of the EXT polymer. Amino acids are indicated as colored circles: Tyr (yellow), Hyp (red), galactosylated Ser (blue), and variable amino acids (X, black and gray).


Liu et al. (2016) surveyed 16 plant and related algal genomes for the presence of EXTs. Here, they defined classical EXTs as having three or more blocks of [-Ser-Hyp3-5-]n peptide repeats (-Tyr-X-Tyr-) crosslinking motifs, and an N-terminal signal sequence that guides them to the secretory pathway. They found that while classical EXTs are abundant in higher dicot genomes, they are missing from non-vascular model plant genomes, indicating that they arose with land plant evolution. Furthermore, classical EXTs are notably not present in gymnosperms [with the lone exception of Norway spruce (Picea abies)] and monocots (such as Zea mays, Oryza sativa, and Brachypodium distachyon; Liu et al., 2016). This is surprising given their abundance and important physiological roles in dicot plants. Monocots do however contain EXT-like precursors that are rich in threonine (dubbed THRGPs), but they do not technically fit into the classical EXT category and are not known to be covalently crosslinked (Kieliszewski et al., 1990; Schnabelrauch et al., 1996). It has been suggested that monocots may make up for the absence of classical EXTs by the analogous crosslinking of glucuronoarabinoxylan polymers via diferulate bridges that are especially abundant in grass cell walls (Mnich et al., 2020). Further work is needed to understand the nature of the EXT network in grasses.



Post-translational Modification of Classical EXTs

EXTs are heavily post-translationally modified proteins. Signal sequences direct ribosomes translating EXTs to the endoplasmic reticulum (ER) for EXT entry into the secretory pathway (Figure 2). As they transfer into the ER, EXT precursors are first modified by proline hydroxylation, which is catalyzed by specific prolyl-4-hydroxylase isozymes (P4Hs, EC 1.14.11.2). P4Hs use O2, 2-oxoglutarate, and Fe+2 and ascorbate cofactors to catalyze the formation of trans-4-hydroxyproline (Hyp) from proline. P4Hs are type II membrane proteins that localize to both the ER and the Golgi membranes (Yuasa et al., 2005; Velasquez et al., 2015). In Arabidopsis, three of the 13 predicted P4H family members, namely, P4H5, P4H2, and P4H13, are thought to interact to form protein complexes along the ER/Golgi pathway that are specifically important for hydroxylating the prolines of [-Ser-Pro3-5-]n EXT motifs (Velasquez et al., 2015). In root hairs, P4H5 appears to be a central, non-redundant player in these complexes and has been shown to preferentially hydroxylate the first three prolines in a -Ser-Pro-Pro-Pro-Pro-motif to produce -Ser-Hyp-Hyp-Hyp-Pro- in vitro. P4H2 and P4H13 are thought to play redundant roles by subsequently hydroxylating the C-terminal proline of the -Ser-Hyp-Hyp-Hyp-Pro- (forming -Ser-Hyp-Hyp-Hyp-Hyp-; Velasquez et al., 2015). Biochemical data certainly support P4H2 having a preference for hydroxylating the ultimate proline in EXT motifs (Tiainen et al., 2005). Given its genetic redundancy with P4H2, the same role is assumed for P4H13.
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FIGURE 2. Post-translational modification and secretion of EXTs. EXTs are synthesized in the endoplasmic reticulum (ER) and post-translationally modified by prolyl 4-hydroxylases (P4Hs). In the Golgi, EXTs are further modified by Hyp-O-arabinosylation and Ser-O-galactosylation. EXTs are sorted in trans-Golgi network (TGN) for secretion to the plasma membrane. Somewhere between the TGN and the cell wall, intramolecular IDT crosslinks are formed before release to the cell wall where they self-associate to form the EXT network. EXT monomers can become covalently crosslinked by extensin peroxidases (EPs). EPs use extracellular hydrogen peroxide to form covalent intermolecular crosslinks, such as Pul and di-IDT, which covalently lock EXTs within the cell wall.


After hydroxylation, Hyp residues of EXTs can become O-glycosylated (Figure 2; Lamport and Miller, 1971). The type of glycosylation is prescribed by the primary sequence of each HRGP in accordance with the “Hyp-contiguity” hypothesis (Kieliszewski and Lamport, 1994). With few exceptions (Ohyama et al., 2009; Ogawa-Ohnishi et al., 2013), contiguous Hyp residues (i.e., [-Ser-Hyp4-]n which are common in EXTs) prescribe attachment of short oligoarabinosides (Hyp-O-Ara3-5), whereas repetitive, non-contiguous Hyp residues (i.e., [-Ser-Hyp-]n common to AGPs) are sites for O-linked type II arabinogalactan polymer attachment (Shpak t al., 2001; Tan et al., 2003; Held et al., 2004). Several arabinosyltransferases have been shown to synthesize Hyp-O-oligoarabinosides from UDP-L-Araf, including hydroxyproline-O-β-arabinosyltransferase 1-3 (HPAT1-3; Ogawa-Ohnishi et al., 2013), reduced residual arabinose (RRA1-3; Egelund et al., 2007; Velasquez et al., 2011), xyloglucanase 113 (XEG113; Gille et al., 2009), and extensin arabinose deficient (ExAD; Møller et al., 2017). Serine residues of EXTs can also be monogalactosylated by serine-galactosyltransferase 1 (SGT1; Saito et al., 2014). These enzymes are highly coordinated at the gene expression level (Marzol et al., 2018) and are present at the same time in the Golgi proteome (Nikolovski et al., 2014), suggesting the potential for multi-glycosyltransferase (GT) complex formation. These and other cell wall GTs have been adequately reviewed elsewhere (Velasquez et al., 2012; Held et al., 2014).



Extensin Secretion to the Apoplast

After hydroxylation in the ER and Golgi and O-glycosylation in the Golgi, EXTs are secreted to the apoplast as soluble monomeric precursors (Figure 2). Details concerning secretion machinery and vesicle contents have been murky. However, recent data may shed some light on this process and indicate that post-Golgi secretion of EXTs may be mediated by the exocyst complex (Beuder et al., 2020). The exocyst complex is a highly conserved secretory complex found in all eukaryotic cells and is composed of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 proteins (TerBush et al., 1996; Guo et al., 1999), of which Exo70A appears to be among the most abundant and plays a central role (Synek et al., 2006). With the help of Arf, Rab, Rho GTPases, and SNARE proteins, the exocyst acts as a tethering complex for the polarized delivery of post-Golgi secretory vesicles to the plasma membrane (PM). Exocyst complex components are critical for cell growth, especially for cells undergoing tip growth, like pollen tubes (Cole et al., 2005; Hála et al., 2008) and root hairs (Wen et al., 2005; Synek et al., 2006), but also for seed coat mucilage deposition (Kulich et al., 2010) and pistil-pollen compatibility interactions (Samuel et al., 2009). The exocyst complex has also been shown to help mediate the delivery of important wall components to the PM, like PM-resident reactive oxygen species (ROS)-generating enzymes (e.g., NADPH oxidase; Markovic et al., 2020) and cell wall biosynthetic enzymes (e.g., cellulose synthases; Zhu et al., 2018), as well as secreted cargo, like pectins (Kulich et al., 2010). Cellulose synthases have also been shown to be delivered in vesicles containing syntaxin of plants 61 (SYP61; Drakakaki et al., 2012). It is not clear whether these SYP61-containing vesicles co-localize with those of the exocyst complex at present.

Mutation of Hpat1 and Hpat3 abolishes Hyp O-arabinosylation of EXTs and causes severe pollen tube defects at the growing tip and reduced fertility (MacAlister et al., 2016). A suppressor screen of hpat1/3 double mutants, which displays under-arabinosylation of EXT Hyp residues, showed that a mutation in Exo70a2 restored pollen tube growth and male transmission (Beuder et al., 2020). As Exo70A2 is critical for exocyst-mediated delivery of post-Golgi vesicles to the PM, the most likely explanation is that reduced secretion in exo70A2/hpat1/hpat3 triple mutants prevents un-glycosylated HRGPs from being delivered to the cell wall. These data are important for two reasons: (1) it strongly suggests that EXT secretion is mediated by the exocyst complex and (2) secretion of mis-or underglycosylated HRGPs may interfere with normal EXT functions and can have serious negative impacts on wall architecture, supporting their role in templating/scaffolding other wall polymers. While the data strongly imply that EXTs might be trafficked through this pathway, it would be interesting to see whether this extends more broadly to other HRGPs. It is unclear how this relates to cysteine endoproteases (CEPs) that may be involved in quality control for mis-or underglycosylated EXTs (Helm et al., 2008; Marzol et al., 2018). One would presume these CEPs are activated/upregulated in hpat mutants, but this remains to be tested.




EXTENSIN NETWORK: SELF-ASSEMBLY AND CROSSLINKING


Non-Covalent Self-Assembly of EXTs and the Role of Amphiphilicity

Like most other non-cellulosic cell wall polymers, EXT precursors are secreted to the apoplast of cells where they are thought to self-associate prior to wall incorporation (Cannon et al., 2008). Multiple non-covalent interactions, including hydrophilic interactions between Hyp-O-arabinosides and hydrophobic interactions between regularly spaced crosslinking motifs, play a role in driving self-assembly (Figure 1A; Cannon et al., 2008; Chen et al., 2015). It is hypothesized that the amphiphilic nature of EXTs is a major driver of non-covalent molecular self-assembly (Cannon et al., 2008; Lamport et al., 2011).

Perhaps, the most visually striking support for EXT self-alignment was the use of atomic force microscopy (AFM) to examine root-shoot-hypocotyl (RSH) EXT precursor assembly in vitro (Cannon et al., 2008). Purified RSH monomers were allowed to self-assemble on a graphite surface prior to AFM imaging in surface-scanning mode. RSH monomers spontaneously assembled into complex, yet organized dendritic networks with subunit structures approximately the size of individual RSH monomers (~130 nm). This was observed in the absence of EP, the enzyme responsible for covalently crosslinking EXTs, indicating that covalent crosslinking itself is not needed to form complex EXT molecular scaffolds, but rather EPs may come along later to “lock” the scaffold into place. Somewhat surprising was the absence of these dendritic structures using purified, synthetic tomato P3 analog EXT monomers (YK20). YK20 monomers are highly periodic (almost palindromic) and have similar molecular size and glycosylation status as RSH (Held et al., 2004). One would have suspected that YK20 would also self-assemble into a dendritic molecular scaffold-like RSH; however, these monomers are associated to produce many individual punctate structures. The authors hypothesized that RSH monomer alignment is more capable of end-to-end assembly which favors the pulcherosine (Pul) crosslinks (Figure 1B), while YK20 alignment prefers to sandwich (described as like-with-like assembly) which favors di-isodityrosine (di-IDT) crosslinks. It was also noted that of the 20 classical EXTs found in Arabidopsis, 18 have C-terminal -(Tyr-X-Tyr)- crosslinking motifs. Additional analysis of AtEXTs (including RSH) by the BIO OHIO 2 platform also shows that many have extreme N-terminal -(Tyr-X-Tyr)- motifs (Liu et al., 2016). The abundance of both N-and C-terminal crosslinking motifs in Arabidopsis classical EXTs may favor more end-to-end alignment and crosslinking and therefore may also lead to more RSH-like assembly. It would be interesting to test whether N-and C-terminal crosslinking motifs favor end-to-end linkage, whereas internal crosslinking motifs favor side-by-side association using designer EXT analogs that manipulate the position and density of the crosslinking motifs.

Another player in EXT self-alignment is the oligoarabinosides O-linked to Hyp residues. Proper glycosylation of EXT precursors is necessary for self-assembly and subsequent covalent crosslinking. This is supported by the fact that mutation of either GTs needed for glycosylation of EXTs or their corresponding prolyl hydroxylases leads to severe root hair growth abnormalities (Velasquez et al., 2011) and issues associated with plant defense (Tan and Mort, 2020). The idea being here that loss of Hyp and/or inadequate glycosylation of EXTs directly leads to problems with wall assembly which translates to wall growth defects and increases in pathogen susceptibility in vivo. Additionally, numerous in vitro studies have been conducted to assess the role of EXT Hyp-oligoarabinosides for crosslinking. Complete removal of Hyp-O-arabinosides by deglycosylation of monomeric precursors using anhydrous hydrogen fluoride (HF; Mort et al., 1989) prior to crosslinking blocks polymerization for AtEXT3 (RSH; Chen et al., 2015), the synthetic P3-analog EXT YK20 (Held et al., 2004), and native tomato P1 EXT (Schnabelrauch et al., 1996). Further, partial de-arabinosylation by limited acid hydrolysis of these substrates lowered their crosslinking rates in a manner dependent with glycan content, demonstrating the necessity of the oligoarabinosides for EXTs crosslinking (Chen et al., 2015). Together, these data strongly imply that Hyp-O-arabinosides also play a fundamental role in molecular self-assembly of EXT monomers.



Covalent Crosslinking of EXTs

EXT crosslinking is mediated by covalent crosslinking of Tyr residues. These Tyr residues are part of crosslinking modules/motifs that are regularly spaced along the backbone of classical EXTs. The first evidence for Tyr-based crosslinks came with the discovery of isodityrosine (IDT) in EXT hydrolysates (Figure 1A; Fry, 1982). IDT was originally thought to mediate EXTs intermolecular crosslinking, and its formation would limit cell elongation (Lamport, 1970; Fry, 1979); however, it was later shown that IDT was only detected as EXT intramolecular crosslinks (Epstein and Lamport, 1984). Early work suggested the involvement of specific EPs for the formation of IDT and insolubilization of EXT into the wall (Fry, 1979). It was later demonstrated that EXT and PRP precursors that lacked Tyr-containing motifs could not be crosslinked in vitro by an EP from tomato (discussed below), leading the authors to conclude that Tyr-containing motifs were necessary for EXTs crosslinking (Schnabelrauch et al., 1996). Not long after this work, higher-ordered Tyr-based crosslinks, di-IDT (Brady et al., 1996) and Pul (Brady et al., 1998; Figure 1A), were discovered in the acid hydrolysates of tomato cell wall preparations. Subsequent work showed that the abundance of these Tyr-containing oligomers increased with conditions that stimulated EXTs crosslinking in vivo such as fungal elicitation and peroxide treatment (Brady and Fry, 1997). In vitro crosslinking studies using recombinant EXT precursors produced from synthetic genes showed that a pI 4.6 tomato EP specifically catalyzed the crosslinking of EXT monomers containing -Tyr-X-Tyr-motifs by the formation of di-IDT (Held et al., 2004). EXT monomers that lacked -Tyr-X-Tyr-motifs did not crosslink, highlighting the importance of Tyr residues in the crosslinking motif. Further analysis of the crosslinked EXT polymer showed the presence of di-IDT (which was not detected in soluble YK20 monomers) as well as concomitant reductions in both IDT and Tyr. These data were the first to indicate the nature of EXT intermolecular crosslinks.



In vitro vs. in vivo Crosslinking

Subsequent studies have cautioned the use of in vitro studies for inferring the formation of Pul and di-IDT crosslinks in vivo (Cegelski et al., 2010; Hijazi et al., 2014b), and we agree. Just because Pul and di-IDT are formed by native EPs in vitro does not mean they are formed in native walls, despite the isolation of Pul and di-IDT crosslinking amino acids (Brady et al., 1996, 1998). However, very recent wall proteomic data now allow us to make that judgment. Both Pul and di-IDT-linked EXT peptides have been recently detected using advanced LC–MS/MS-based wall proteomic techniques that are able to predict and detect crosslinked EXT peptides, thus finally demonstrating that both Pul and di-IDT do indeed serve as EXT intermolecular crosslinks in vivo (Gainey, 2020).




EXTENSIN PEROXIDASES


Class III Peroxidases

EPs are responsible for intermolecular covalent crosslinking of EXT monomers. EPs are CIII Prxs (E.C. 1.11.1.7), which are heme-containing peroxidases directed to the secretory pathway (Welinder, 1992). CIII Prxs are members of large multigene families. The Arabidopsis genome encodes 73 CIII Prxs (Valério et al., 2004). Rice has 138 (Passardi et al., 2004a), and other plant genomes have comparably high numbers (Fawal et al., 2012). Individual CIII Prxs share many functional, structural, catalytic, and post-translational characteristics and are involved in processes like cell wall assembly and differentiation, cell elongation, and pathogen defense (Hiraga et al., 2001; Passardi et al., 2004b; Cosio and Dunand, 2009). CIII Prxs are also known for filling numerous roles including hormone catabolism (Lagrimini et al., 1997; Gazaryan et al., 1999), salt tolerance (Amaya et al., 1999), lignin biosynthesis (Koutaniemi et al., 2005; Zhao et al., 2013; Shigeto and Tsutsumi, 2016), and suberization (Espelie and Kolattukudy, 1985; Bernards et al., 1999; Quiroga et al., 2000; Keren-Keiserman et al., 2004), in addition to EXT crosslinking (Schnabelrauch et al., 1996; Held et al., 2004; Dong et al., 2015). Large gene family sizes, overlapping functions, and functional redundancy have made assigning individual function(s) to specific CIII Prx isoforms quite challenging. Functional prediction by sequence homology to CIII Prxs of known function has also been relatively fruitless due to their low overall primary sequence similarities within the family.

Structurally speaking, CIII Prxs are far more conserved and are characterized as having three conserved α-helices that distinguish them from class I and II peroxidases, as well as distal and proximal heme-binding sites and four di-sulfide linkages made up of eight strictly conserved Cys residues (Welinder, 1992; Hiraga et al., 2001). A region located between proximal heme-binding site and the seventh conserved Cys is variable in both length and sequence, and has been shown to form part of the substrate access channel for both peanut (Schuller et al., 1996) and horseradish peroxidases (Gajhede et al., 1997) and thus likely dictates substrate specificity of the various CIII Prxs (Chittoor et al., 1999; Hiraga et al., 2001). Mechanistically, CIII Prxs can reduce the available H2O2 (via the peroxidative cycle) using various electron donors (e.g., EXT tyrosines, monolignols, ferulic acids, and suberin) leading to crosslinking that is associated with restricting cell elongation. Extracellular peroxide is generally produced by PM-embedded NADPH oxidase isoforms, including the respiratory burst oxidase homologD, which use intracellular NADPH to reduce extracellular O2 to form peroxides in the apoplast (Mignolet-Spruyt et al., 2016). Additionally, CIII Prxs can also produce H2O2 and subsequently [image: image] 250 radicals (via the hydroxylic cycle) to regulate extracellular ROS production for cellular defense and stimulation of cell elongation (Chen and Schopfer, 1999; Schopfer, 2001; Dunand et al., 2003). Assigning specific functions to each CIII Prx isoform has been quite difficult. A combination of 3D structural approaches (e.g., crystallography or in silico modeling that specifically examines the active site shape and microenvironment), in vitro biochemical activity, subcellular localization, and expression profiling will be necessary to help define substrate preferences for individual isozymes. Despite the wide-ranging functional implications of CIII Prxs, here we focus on EPs, which use the peroxidative cycle in vitro.



Known and Suspected EPs

CIII Prx-catalyzed EXT covalent crosslinking was originally proposed in the 1970s, but it was several years later that it was first demonstrated in vitro. Everdeen and colleagues reported their investigations into EXT crosslinking activity observed in calcium chloride eluates of suspension-cultured tomato cells (Everdeen et al., 1988). The eluates were used in crosslinking reactions using isolated EXT precursors and hydrogen peroxide as co-substrates. Reaction products were separated by gel filtration whereby a decrease in EXT precursor corresponded with increases in large molecular mass EXT oligomers. To investigate the linkages holding these new products together, their integrity was tested by treatment with ethylene glycol bis(2-aminoethyl)tetraacetic acid and 2-mercaptoethanol, which failed to disrupt the assembly as observed by electron microscope, indicating that neither calcium crosslinking nor di-sulfide bonds were primary contributors to oligomer assembly. Side-by-side crosslinking reactions, some incubated with catalase and others without, provided proof that the newly found EXT crosslinking enzyme was a peroxidase. Since this work, numerous additional EPs have been reported in tomato (Brownleader et al., 1995; Schnabelrauch et al., 1996; Dong et al., 2015), mustard seed (Magliano and Casal, 1998), lupin (Jackson et al., 1999; Price et al., 2003), French bean (Blee et al., 2001), and grapevine (Jackson et al., 2001; Pereira et al., 2011). Of these, however, only LEP1, FBP1, and the pI4.6 tomato EP (called candidate gene 5, CG5) have been demonstrated to crosslink EXTs in vitro. Furthermore, crosslinked products (di-IDT and Pul) have only been characterized from reactions using CG5 (Held et al., 2004).

Peroxidase CG5 was originally demonstrated to possess specificity for EXTs containing tyrosine and lysine [-Val-Tyr-Lys-] crosslinking motifs, and that carbohydrate did not participate in the covalent crosslink it formed (Schnabelrauch et al., 1996). These motifs were common to tomato precursor 1 (P1) peptides. At the time, the full protein sequence of tomato P1 was not known, but we now know that P1 also contains -Tyr-X-Tyr-motifs that are also able to participate in crosslinking (Liu et al., 2016). The group however went on to suggest the possibility of a role for tyrosine and/or lysine being directly involved in the covalent crosslinking for EXTs.

The gene encoding the CG5 peroxidase was eventually identified in 2015 (Dong et al., 2015). Narrowing down bioinformatic results of predicted tomato peroxidases having both signal sequences and predicted pIs near 4.6, eight candidate genes were selected. Proteomics then narrowed the selection to three candidate genes. In vitro EXT crosslinking assays using native P1 tomato EXT precursors confirmed the EXT crosslinking activity of CG5 and identified Solyc02g094180 as the gene encoding the pI 4.6 EP. This work has paved the way for future characterization of the EPs, as well as 3D structural, functional genomics, and expression studies to better understand EPs’ roles in development and plant defense.

Even though only a handful of EPs have been isolated or characterized, more candidates have been identified through bioinformatics and await further investigation. Naturally, Arabidopsis is at the forefront of these efforts, as the classical dicot model organism, and it is somewhat surprising that no EP has been clearly identified in Arabidopsis yet. The bioinformatics resource BIO OHIO identified as many as 32 CIII Prxs in Arabidopsis whose expression profiles are consistent with those of EXT genes (Showalter et al., 2010). Despite this number, only a few have been implicated as actual EPs. AtPrx71 has been shown to produce protein radicals in vitro (Shigeto et al., 2014), and overexpression lines saw coincident increases of AtExt4 expression, suggesting its identity as an EP (Raggi et al., 2015). Mutant lines of AtPrxs 9 and 40 show similar phenotypes to AtExt18 mutants in microspore formation and the tapetum. Further, when co-infiltrated in tobacco leaves, these peroxidases have been demonstrated to crosslink AtExt23 in vivo (Jacobowitz et al., 2019).

Three more promising EP candidates have been identified in Arabidopsis as well, due to the work that localized expression of all three CIII Prx genes to root hairs, and phenotypes observed in mutant lines (Mangano et al., 2017). AtPrx01, AtPrx44, and AtPrx73 mutant phenotypes suggested roles in ROS homeostasis and root hair growth. Subsequent investigations utilizing gain-of-function experiments to complement the previous work, as well as in vitro peroxidase assays, promoter:GFP reporter experiments, and molecular characterization of phenotypes in triple mutant and overexpression lines have continued to build on this line of research (Marzol et al., 2020). And though these AtPrxs are not yet fully characterized, nor can be confirmed as EPs, the evidence gathered strongly suggests their involvement in EXT crosslinking. It will be interesting to test these peroxidases for their in vitro EXT crosslinking properties and kinetics.




PERSPECTIVES AND OPEN QUESTIONS


Are EPs Opportunists or Are Their Actions Regulated?

EPs are clearly secreted from suspension-cultured cells as they are readily harvested from cell culture media (Schnabelrauch et al., 1996; Dong et al., 2015). However, the precise location of assembly and crosslinking has not been demonstrated in planta. This leaves open several questions: Where are EXTs actually crosslinked? Do EXT self-assembly and crosslinking initiate in the apoplast as they are deposited into the wall, or are they assembled in the wall first then later crosslinked by EPs?

Knowing the in vivo localization of EPs may give some clues. Few studies have examined the actual subcellular localization of CIII Prxs in vivo, and none have been published for EPs. Inferring the localization of EPs in cell cultures presents problems as well since these cells are constantly under oxidative stress and may represent a constitutively activated state. Proteomic data confirm that of 73 CIII Prxs in Arabidopsis, 32 were detected as extracellular, 17 were detected in PM fractions, and seven were vacuolar (Francoz et al., 2015). The seven vacuolar Prxs all have predicted C-terminal vacuolar transit signals, as would be expected. It is somewhat surprising that 17 out of 56 (or 30% of the non-vacuolar CIII Prxs) were found in PM fractions (Tanz et al., 2012; Francoz et al., 2015), which include leading Arabidopsis candidates, AtPrx1, 44, and 73 (Francoz et al., 2015). PM-associated CIII Prxs have been known for some time (Askerlund et al., 1987; Lüthje et al., 2011), and at least partial PM localization has been previously suggested for CG5 (Dong, 2015; Mishler-Elmore, 2020); thus, it is tempting to speculate PM localization for CG5 and other EPs.

PM localization of EPs may reveal an interesting regulatory mechanism of crosslinking of EXTs in the wall. Indeed, EPs may be localized to the PM where they initiate radical coupling of EXTs as they pass into the apoplast, as seen for monolignol polymerization (Ralph et al., 2004). Another possibility is that EPs are transiently anchored to PM until physiological cues or signals induced EP release into the apoplast for subsequent crosslinking of EXTs (Mishler-Elmore, 2020). This would be more in accordance with their roles in wound and stress response, pathogen infection, and symbiosis. This might also explain their secretion in suspension-cultured cells which can mimic stressed/wounded states. The separation of EXT secretion and crosslinking also permits time for proper self-assembly of other polymers into the appropriate wall structure. What accounts for PM association remains to be determined. Some CIII Prxs have putative TMDs, but others may associate with the PM by uncleaved N-terminal signal peptides that act as transmembrane anchors (Lüthje et al., 2011).

If EPs are transiently anchored in the PM and await a signaling event to perform crosslinking, what might the signal(s) be? ROS generation (Baxter et al., 2014)? Calcium flux (Evans et al., 2001; Lamport and Várnai, 2013)? and Is there a role for pectin fragments (Denoux et al., 2008) and wall-associated kinases (Kohorn and Kohorn, 2012) or other receptor-like kinases like Fei1/Fei2 (Xu et al., 2008), Theseus1 (Hématy et al., 2007) or other wall integrity sensing pathways? These studies remain, and a more thorough subcellular and temporal localization analysis of known and suspected EPs is needed.



Are There Other Types of EXT Crosslinks?

Tyrosine-based crosslinks are the only known stabilizers of the EXT network in the wall. However, grasses and gymnosperms are relatively poor in EXTs, suggesting their functions have been absorbed by other types of wall crosslinks in these plants. Furthermore, plants like Arabidopsis have relatively low amounts of known crosslinking amino acids IDT, Pul, and di-IDT. Couple this observation with the difficulty in identifying EPs in Arabidopsis and the significant functional redundancy among peroxidases, and one is left with the sense that there may be other ways the EXT network is stabilized. At the same time, this also leaves open the possibility that some plants like Arabidopsis may not actually express (or need) a functionally distinct EP. Therefore, it is important to consider plant genomic models carefully when examining EPs.

As mentioned above, there are two sub-populations of classical EXTs: those that are CL and those that are ionically associated but NCL. NCL EXTs may play an equally important role in stabilizing the EXT network. For example, wall association of LRX1 does not require tyrosine (Ringli, 2010), but does appear to be driven by hydrophobic regions in the EXT domains of LRX1 in accordance with self-assembly principles put forth by Cannon et al. (2008). Other mechanisms of EXT crosslinking must exist, and these areas need to be explored.

A long-standing hypothesis indicates a role for the glycan substituents of EXT as crosslinking targets, especially with an RG-I-like fraction of pectin (Keegstra et al., 1973; Iiyama et al., 1994; Qi et al., 1995; Nunez et al., 2009). These putative glycan crosslinks would not be detected using typical EXT network extraction procedures (i.e., anhydrous HF deglycosylation), but may nonetheless be involved in and important for EXT crosslinking (just not responsible for wall insolubilization per se). These crosslinks may be more important for wall association of NCL EXTs. One approach to address this is to continue to analyze wall preparations using advanced LC–MS/MS techniques that are able to predict and detect crosslinked EXT peptides, such as that described by Gainey (2020). Coupling these studies with in vitro studies that utilize synthetic glycoproteins as in Held et al. (2004) may help identify additional and novel crosslinks within the EXT network.
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Arabinogalactan-proteins (AGPs) are members of the hydroxyproline-rich glycoprotein (HRGP) superfamily, a group of highly diverse proteoglycans that are present in the cell wall, plasma membrane as well as secretions of almost all plants, with important roles in many developmental processes. The role of GALT8 (At1g22015), a Glycosyltransferase-31 (GT31) family member of the Carbohydrate-Active Enzyme database (CAZy), was examined by biochemical characterization and phenotypic analysis of a galt8 mutant line. To characterize its catalytic function, GALT8 was heterologously expressed in tobacco leaves and its enzymatic activity tested. GALT8 was shown to be a β-(1,3)-galactosyltransferase (GalT) that catalyzes the synthesis of a β-(1,3)-galactan, similar to the in vitro activity of KNS4/UPEX1 (At1g33430), a homologous GT31 member previously shown to have this activity. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) confirmed the products were of 2-6 degree of polymerisation (DP). Previous reporter studies showed that GALT8 is expressed in the central and synergid cells, from whence the micropylar endosperm originates after the fertilization of the central cell of the ovule. Homozygous mutants have multiple seedling phenotypes including significantly shorter hypocotyls and smaller leaf area compared to wild type (WT) that are attributable to defects in female gametophyte and/or endosperm development. KNS4/UPEX1 was shown to partially complement the galt8 mutant phenotypes in genetic complementation assays suggesting a similar but not identical role compared to GALT8 in β-(1,3)-galactan biosynthesis. Taken together, these data add further evidence of the important roles GT31 β-(1,3)-GalTs play in elaborating type II AGs that decorate AGPs and pectins, thereby imparting functional consequences on plant growth and development.

Keywords: plant cell wall, seedling development, galactosyltransferase, arabinogalactan-proteins, Arabidopsis thaliana, GALT8, KNS4/UPEX1


INTRODUCTION

Arabinogalactan-proteins (AGPs), found exclusively in plants and in virtually all organs/tissues, are the most highly glycosylated members of the hydroxyproline-rich glycoprotein (HRGP) superfamily (Nothnagel, 1997; Ellis et al., 2010; Nguema-Ona et al., 2012; Tan et al., 2012). AGPs are proposed to have a wide range of physiological and developmental functions related to vegetative processes and sexual reproduction (Ellis et al., 2010). In general, AGP protein backbones contain clustered, non-contiguous proline (Pro) residues arranged in repetitive motifs such as Xaa-Pro-Xaa-Pro, and Xaa-Pro-Pro, where Xaa can be any amino acid, but is most often either Ser, Thr, Val, or Ala (Nothnagel, 1997). Indeed, a recent motif and amino acid bias (MAAB) bioinformatics pipeline reported using the [ASVTG]P, [ASVTG]PP, and [AVTG]PP motifs to identify AGPs within the Viridiplantae (Johnson et al., 2017a, b). These types of Pro residues are usually hydroxylated forming hydroxyproline (Hyp) and then glycosylated by type II arabino-3,6-galactan (AG) chains although short mono-/oligo-arabinosides can also be present; a pattern of glycosylation that is defined by the Hyp-contiguity hypothesis (Kieliszewski and Lamport, 1994; Lamport et al., 2011). AGPs are also distinguished from other members of the HRGP superfamily by their ability to bind selectively to, and be precipitated by Yariv reagents (Tan et al., 2012; Kitazawa et al., 2013).

Despite significant progress in AGP research in recent years, the contribution of AG oligo-/poly-saccharides to AGP function remains largely inferred (Tan et al., 2012). Characterization of genetic mutants of glycosyltransferases (GTs) responsible for AGP glycosylation has provided clues to the biological function(s) for the AG glycans but the effects are often pleiotropic and therefore difficult to ascribe to a single AGP protein backbone. For recent reviews on characterized AGP GTs, we refer the reader to Knoch et al. (2014); Showalter and Basu (2016), Ma et al. (2018); Silva et al. (2020).

Within each AG moiety of AGPs, there are 30 to 120 sugar residues (Ellis et al., 2010). Although AGP glycan structures isolated from various plants differ from each other, the type II AGs generally contain β-(1,3)-linked Gal backbones with β-(1,6)-linked Gal side-chains decorated with Ara, GlcA, Rha, Fuc, and/or Xyl residues (Ellis et al., 2010; Tan et al., 2012). The heterogeneity of AGs and the fact that AGPs are often purified as mixtures of related structural entities contribute to the challenges that arise from characterizing the fine structures of the carbohydrate moiety of AGPs. The composition and structure of AGs varies within a species, even on the same peptide backbone and may be tissue-specific and developmentally regulated (Tsumuraya et al., 1988; Estevez et al., 2006). It is likely that multiple GTs with partially overlapping expression patterns work together to generate the observed complexity of AGP glycans, possibly working as biosynthetic complexes as observed for many wall polysaccharides such as cellulose (Doblin et al., 2002; Lei et al., 2012), xyloglucan (Chou et al., 2012), xylan (Zeng et al., 2016), and pectin (Atmodjo et al., 2011; Oikawa et al., 2013).

Identifying the enzymes involved in the synthesis of the sugar linkages in AGPs is not a trivial task. Because there are many different types of linkages in AGP glycan moieties, and there are many possible enzyme families that can be involved, it is apparent that narrowing down the number of enzyme candidates is a crucial step in elucidating the pathways in type II AG biosynthesis. To this end, Qu et al. (2008) identified, through a bioinformatics approach, a group of 20 putative β-(1,3)-galactosyltransferases (GalTs) in Arabidopsis thaliana that were plausibly responsible for the β-(1,3)-Gal linkages in AGPs. These enzymes are classified within the glycosyltransferase (GT) 31 family (Clade 7 and 10 members, Supplementary Figure 1) in the Carbohydrate-Active Enzymes (CAZy) database (1 Lombard et al., 2013) because of the presence of PFAM domain PF01762 and several motifs in their protein sequences that are found in biochemically characterized β-(1,3)-GTs in mammalian systems (Egelund et al., 2010). Toward the N-terminus of the GT31 enzymes is a conserved hydrophobic transmembrane domain (TMD) typical of a type 2 membrane protein, followed in the case of Clade 7 members by a galactoside-binding lectin (galectin) domain (Supplementary Figure 1). This galectin domain could be responsible for the addition of the first or subsequent Gal to the polypeptide backbone of AGPs based on the activity of human galectin domain proteins (Egelund et al., 2010). This domain is followed by the six major conserved motifs I-VI, three of which (RxxxRxT/SW (II)), DXD (IV), E/DDV and GxW/C (VI) are critical for catalysis (Munro and Freeman, 2000; Griffitts et al., 2001; Hellberg et al., 2002; Malissard et al., 2002; Qu et al., 2008; Egelund et al., 2010).

Interestingly, both galectin (Clade 7, sub-clades V and VI (Qu et al., 2008)) and non-galectin-containing (Clade 10, sub-clade III, Supplementary Figure 1) GT31 members have been demonstrated to have O-Hyp GalT activity, adding the first Gal sugar to Hyp residues within the AGP protein backbone (Basu et al., 2013; Ogawa-Ohnishi and Matsubayashi, 2015; Basu et al., 2015a, b). Qu et al. (2008) showed that an Arabidopsis membrane fraction containing Clade 10 member At1g77810 (sub-clade II, Supplementary Figure 1) has β-(1,3)-GalT activity using UDP-Gal as the donor substrate and Gal-(1,3)-β-Gal-O-Me as acceptor. More recently, Suzuki et al. (2017) published the first detailed biochemical analysis of a β-(1,3)-galactan synthase, KNS4/UPEX1 (At1g33430) from Clade 10 (sub-clade II, Qu et al., 2008). Given that this enzyme can transfer multiple Gal residues from UDP-Gal to Gal-NBD, a synthetic acceptor that mimics the GalT acceptor in the biosynthesis AG oligosaccharides, it is proposed to be responsible for the synthesis of type II AG glycan backbones present on either AGPs or the pectic polysaccharide rhamnogalacturonan I (RG-I), or both. The defective exine phenotype of kns4/upex1 mutants is related to an abnormality of the primexine matrix laid on the surface of developing microspores and is associated with diminished levels of AGPs. Furthermore, kns4/upex1 mutants exhibit reduced fertility as indicated by shorter fruit lengths and lower seed set compared to the WT, confirming that KNS4/UPEX1 is critical for pollen viability and development.

We are interested in GALT8 (At1g22015), also called DD46 (Portereiko et al., 2006), for two reasons: First, GALT8 is the only uncharacterized Arabidopsis member of sub-clade II of Clade 10 (Supplementary Figure 1). KNS4/UPEX1, At1g77810, and GALT31A, which was reported to possess β-(1,6)-GalT activity (Geshi et al., 2013), are also members of this sub-clade. Thus, the variation in observed enzymatic activity makes it difficult to predict the catalytic function of GALT8 and its role in planta. Second, promoter-reporter (GFP and GUS) constructs demonstrated that GALT8 is expressed in the female gametophyte prior to fertilization and is important in embryo sac development (Wu et al., 2010; Gille et al., 2013). This pattern contrasts with KNS4/UPEX1, which is primarily expressed in, and influences development of, the male gametophyte. This suggests that galt8 mutants may display a phenotype, a valuable resource in dissecting AGP function, and which is distinct from that displayed by kns4/upex1 mutants.

In this study, we show using a combination of enzymatic digestion, RP-HPLC and MS-based approaches that GALT8 is a β-(1,3)-GalT capable of catalyzing the addition of up to five β-(1,3)-linked Gal residues onto a fluorescently tagged β-Gal acceptor. We also show by semi-quantitative RT-PCR that GALT8 is expressed in anther, pistil and silique, confirming previous gene expression data (Portereiko et al., 2006; Leroy et al., 2007). Galt8 mutant seedlings have observable phenotypes that are consistent with GALT8 functioning in seedling growth and development through potential perturbation of the micropylar endosperm. Genetic complementation experiments were also performed to test whether GALT8 and KNS4/UPEX1 are functionally equivalent. We demonstrate that expression of KNS4/UPEX1 in the galt8 background under the native GALT8 promoter partially complemented the galt8 phenotypes, suggesting GALT8 and KNS4/UPEX1 have both overlapping and unique functions in planta. Together, these data provide evidence that, similar to KNS4/UPEX1, GALT8 is an Arabidopsis β-(1,3)-galactosyltransferase associated with type II AG glycan biosynthesis and is important in normal seedling growth and development.



MATERIALS AND METHODS


Plant Material

Arabidopsis thaliana wild type (WT) Columbia-0 (Col-0), kns4-2 (SALK_091466 line) and galt8 (SALK_208637C line) mutant seeds were obtained from the Nottingham Arabidopsis Stock Centre (NASC, University of Nottingham, United Kingdom). Plants were sown on a 3:1 mix of soil (Debco seed raising mix, Tyabb, VIC, Australia) and Perlite (Exfoliators, Australia), stratified at 4°C for 3 days, then transferred to a controlled-environment growth chamber (Thermoline, Australia) at 21°C under continuous light. The mutants were compared to the WT Col-0 ecotype. Nicotiana benthamiana plants were grown in soil in a glasshouse supplemented with continuous cool white light at 20 to 26°C for 4 to 5 weeks. Phenotyping of galt8 and WT Col-0 plants, as well as plant crosses were performed following the protocol from Weigel and Glazebrook (2002).



Molecular Biology

Individual 3-week-old seedlings were genotyped by PCR screening of genomic DNA prepared using the ISOLATE II Plant DNA Kit (Bioline, Australia) following the manufacturer’s instructions. A typical PCR contained 1 μl of gDNA (at least 100 ng), 0.2 mM forward and reverse primers spanning or within the T-DNA insertion (Supplementary Table 1) and 5 U MyTaqTM DNA Polymerase in 1× MyTaqTM reaction buffer (Bioline, Australia). Conditions for PCR amplification were as follows: 94°C for 45 s; 55°C for 45 s; 72°C for 1 min for 30 cycles.

For GALT8 RT-PCR analysis, RNA was isolated from various Arabidopsis WT Col-0 and galt8 tissues, including floral buds used as a template source for coding sequence (CDS) cloning, and first strand cDNA synthesis and PCR amplifications were carried out as previously described (Lampugnani et al., 2013) (see Supplementary Table 1 for primer details). For quantitative RT-PCR analysis of galt8 complementation lines, RNA was isolated from hypocotyls of light-grown 6-day-old seedlings using the Spectrum Plant Total RNA Kit (Merck, Australia) according to manufacturer’s instructions. DNase treatment was carried out using the DNase I kit (Invitrogen #18068-015) and cDNA was synthesized from 1 μg of RNA using the SuperScript III Reverse Transcriptase kit (Invitrogen). cDNA was diluted 1:10 and used as template in qRT-PCR reactions performed with the QuantStudio 5 system (Applied Biosystems) using the SensiMix SYBR No-ROX kit (Bioline). Reaction conditions were as follows: 95°C initial hold for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 60 s. Relative expression of GALT8 and KSN4/UPEX1 were determined using the Comparative Ct (ΔΔCt) method, with GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAPDH) as a reference gene. Primers used for amplification of GALT8, KNS4/UPEX1 and GAPDH are listed in Supplementary Table 1.

To generate pro35S:GALT8, pro35S:GALT8(CΔ106), and pro35S:GALT8(CΔ168) expression constructs, the GALT8 coding sequence (CDS) was amplified from floral bud cDNA using primer pairs GALT8(1)-F & GALT8(2)-R, GALT8(3)-F & GALT8(4)-R and GALT8(3)-F & GALT8(5)-R separately (see Supplementary Figure 2A). The PCR products were cloned directly into the binary vector pFUERTE containing the CaMV35S promoter and the 3′ OCS terminator sequence (Lampugnani et al., 2016), using New England Biolabs HiFi DNA assembly reagents and the protocol specified by the manufacturer. To generate pro35S:GALT8(NDN) we utilized the resulting pro35S:GALT8 plasmid as a template for PCRs using primers GALT8(3)-F & GALT8(6)-R and separately GALT8(7)-F & GALT8(8)-R. Both fragments were simultaneously cloned into pFUERTE as described above. Primer sequences used in these clonings are provided in Supplementary Table 1. The pro35S:VENUS construct has been previously described (Suzuki et al., 2017). All constructs were introduced, together with pSOUP, into Agrobacterium tumefaciens strain AGL1 via electroporation.

To generate GALT8/KNS4 complementation constructs, promoter regions of GALT8 and KNS4/UPEX1 were individually amplified from Arabidopsis genomic DNA using primer pairs GALT8PromF_EcoRI & GALT8PromR_SalI and KNS4PromF_EcoRI & KNS4PromR_SalI, respectively, incorporating EcoRI and SalI restriction sites (see Supplementary Figure 2B). Similarly, GALT8 and KNS4/UPEX1 CDS were amplified from Arabidopsis floral bud cDNA by primer pairs GALT8F_SalI & GALT8R_NcoI and KNS4F_SalI & KNS4R_NcoI, respectively, with flanking restriction sites SalI and NcoI. Purified fragments were digested with the appropriate restriction enzyme, and combinations of promoter and coding region were simultaneously ligated into the multiple cloning site of pCAMBIA0380 digested with EcoRI & NcoI using T4 DNA ligase (Promega) following the manufacturer’s instructions. The common SalI site enabled fusion of the promoter and CDS regions. The pCAMBIA0380 vector possesses the neomycin phosphotransferase II (NPTII) gene for plant selection on kanamycin as does pGWB-KNS4p:KNS4, the vector used previously to genetically complement the kns4-1 mutant (Suzuki et al., 2017). This construct was used as a positive control [proKNS4:KNS4 (2)] and contains 2006 bp of promoter sequence. The promoter version cloned into pCAMBIA0380 [proKNS4:KNS4] is 1327 bp in length and was designed to contain the entire upstream intergenic sequence, the design principle also applied to amplify and clone the GALT8 promoter (853 bp). All verified constructs were introduced into Agrobacterium tumefaciens strain AGL1 via electroporation. Primer sequences used for complementation constructs are provided in Supplementary Table 2.



Functional Analysis of GALT8 Enzyme Activity

The methods for transient expression of GalT in Nicotiana benthamiana, microsomal membrane (MM) extraction, and GalT biochemical activity assay were conducted as previously described by Suzuki et al. (2017), using 5 μM fluorescent acceptor β-Gal-NBD [NBD = 7-nitro-2,1,3-benzoxadiazole; (McGill and Williams, 2009)] kindly provided by Professor Spencer Williams (Department of Chemistry, Bio21 Institute, The University of Melbourne, Australia), and 0.4 mM UDP-sugar (Sigma-Aldrich) as donor. The total reaction volume used for enzyme assays was 50 μL containing 100 μg detergent-permeabilized MM as determined by a BCA protein assay (Pierce) using BSA as standard. When assaying GALT8 variants, MM protein concentrations were normalized for GALT8 content as determined by Western blotting using a polyclonal GALT8 antibody as probe. GALT8 band intensities were quantified and compared to an arbitrarily selected MM sample in which GALT8 was detected. MM volumes of other GALT8-containing samples were adjusted such that approximately equal amounts of GALT8 protein was assayed in enzyme reactions. Western blotting was performed as described previously (Wilson et al., 2015) using a 1:2000 dilution of anti-GALT8 primary antibody raised against peptide YAHEKKKSQDNDVMC (C-terminal Cys residue included for conjugation to carrier protein) using GenScript’s Custom Rabbit Antibody Services (Piscataway, NJ, United States).

For the analysis of assay products, ice-cold acetone was added to the enzyme assay (3:1 volume), and the mixture incubated on ice for 2 h. The reaction was then centrifuged at maximum speed at 4°C, the supernatant removed and dried down, re-suspended in 50 μL UHQ water, and analyzed by nano-LC-MS/MS. The sample was loaded onto a 300 μm × 5 mm Zorbax 300SB-C18 (Agilent Technologies, Palo Alto, CA, United States) reversed-phase (RP) pre-column attached to a Shimadzu Prominence nano-LC system (Shimadzu Corporation, Kyoto, Japan). The pre-column was washed with 0.1% (v/v) formic acid in 5% (v/v) acetonitrile for 15 min before placing in-line with a 75 μm i.d. ×150 mm Zorbax 300SB-C18 (Agilent Technologies, Palo Alto, CA, United States) RP column. Products were eluted using a gradient of 5% to 80% (v/v) acetonitrile in 0.1% (v/v) formic acid over 60 min, at a flow rate of 0.2 μL/min and analyzed via electrospray ionization (ESI) on a QSTAR Elite hybrid Q-TOF MS (Applied Biosystems/MDS Sciex, Foster City, CA, United States) operated in the positive ion mode. Products between 300 Da and 1,500 Da, with a charge state of either +1 or +2 were automatically selected for MS/MS with a CE of 50. The molecular ion peaks of the different oligosaccharides in the enzyme assay, particularly [M + H]+ = 552.4, 714.5, 876.6, 1038.6, 1200.5, and 1362.5, corresponding to Gal1-NBD (C23H33N7O9), Gal2-NBD (C29H43N7O14), Gal3-NBD (C35H53N7O19), Gal4-NBD (C41H63N7O24), Gal5-NBD (C47H73N7O29), and Gal6-NBD (C53H83N7O34), respectively, were extracted from the full scan spectra.



β-Glucosyl Yariv Radial-Gel Diffusion Assay

For detecting the presence of β-(1,3)-Gal linkages in the enzyme assay products, a β-glucosyl Yariv (β-Glc Yariv) radial-gel diffusion assay was performed following the method of van Holst and Clarke (1985), with slight modifications. Bulked enzyme assays with 1.5 mg of total MM proteins (adjusted for GALT8 depending on the relative quantity detected by Western blot), 1% (v/v) Triton X-100, 10 μM β-Gal-NBD, and 1 mM UDP-Gal (total volume for each enzyme assay was 250 μL) were loaded to the RP-HPLC column, and fractions corresponding to 4.0-4.5 min, 4.6-8.0 min, and 8.1-10.0 min were collected, lyophilized, and re-suspended in water. Samples were applied onto two agarose gels, one containing β-Glc Yariv dye, the other containing α-Gal Yariv dye as negative Yariv control, and allowed to react overnight. Gum arabic (0.1 mg/ml, 0.2 mg/ml, 0.5 mg/ml, and 1.0 mg/ml) (Sigma-Aldrich) was used as standard and positive control, and β-Gal-NBD and larch AG (Sigma-Aldrich) were used as negative controls.




RESULTS


Analysis of GALT8 Biochemical Activity

To gain insight into the function of GALT8 (At1g22015), the single uncharacterized sub-clade II member of the Arabidopsis GT31 family, we expressed the full-length GALT8 coding sequence (CDS) under the CaMV35S promoter in N. benthamiana leaves. An identical binary vector construct carrying the YFP variant VENUS instead of the GALT8 CDS was used as a negative control to allow subtraction of the background endogenous enzyme activity. Microsomal membranes (MM) were isolated from leaves 4 days post-agroinfiltration and used in separate in vitro GalT enzyme assays each containing 0.4 mM UDP-Gal as the donor substrate and 5 μM of the synthetic AG oligosaccharide mimic β-Gal-NBD (McGill and Williams, 2009) as acceptor. The reaction products were subsequently fractionated by RP-HPLC and analyzed. No intrinsic GalT activity was observed in the VENUS sample with only the β-Gal-NBD acceptor being detected (Figure 1A). In contrast, four new peaks were observed in the GALT8 sample (Figure 1B), presumably representing the addition of up to four Gal residues to β-Gal-NBD. Other nucleotide sugar donors, UDP-Glc, UDP-Arap, and UDP-Xyl, were also tested but the donor specificity was found to be restricted to UDP-Gal (Supplementary Figure 3); none of the other UDP-sugar donors tested resulted in the formation of any products using β-Gal-NBD as the acceptor.
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FIGURE 1. GalT activity of MM prepared from N. benthamiana leaves expressing VENUS or GALT8, and analysis of GALT8 reaction products. (A) VENUS, only β-Gal-NBD and NBD peaks are observed. (B) GALT8, products of DP 2-5 were detected. (C) Digestion of GALT8 assay products with commercially available E. coli β-galactosidase, showing digestion of peaks back to the NBD tag (Rt = ∼17.0 min). GalT products were fractionated by RP-HPLC and detected by a fluorescence detector. The numbers on the plot (B) indicate the degree of polymerisation (DP) of galacto-oligosaccharides. GalT activity was measured using UDP-Gal (0.4 mM) as donor and β-Gal-NBD (5 μM) as the acceptor. (D) Relative to undigested GALT8 assay products (left), SGalase1, an exo-β-(1,3)-galactanase, digested the enzyme products to Gal-NBD (center), whereas endo β-(1,6)-galactanase (Nc6GAL) did not (right), as shown by an unchanged profile. The numbers (1-5) on the plots indicate the DP of galacto-oligosaccharides.


To confirm that Gal was the incorporated monosaccharide, we tested the susceptibility of the assay products to digestion by a linkage non-specific E. coli β-galactosidase (CAZy GH2) (Shimoda et al., 2014). β-Galactosidase digestion of the GALT8 reaction products resulted in the breakdown of all products and the β-Gal-NBD acceptor to the free NBD tag, which eluted at ∼17.0 min (Figure 1C). This confirmed that the products made by GALT8 were β-D-Gal oligosaccharides.

To determine if the linkage present in the β-D-Gal oligosaccharide products was β-(1,3), the assay products were further characterized by digestion with a type II AG-specific hydrolase, SGalase1, an exo-β-(1,3)-D-galactanase (CAZy GH43) (Ling et al., 2012). SGalase1 hydrolyzed the GALT8 products to β-Gal-NBD (compare left and middle panels, Figure 1D). The enzyme products were also assessed for their susceptibility to an endo-β-(1,6)-galactanase, Nc6GAL (Takata et al., 2010). Following digestion with Nc6GAL, the resulting RP-HPLC profiles were unchanged from the undigested controls (compare left and right panels, Figure 1D), indicating the absence of β-(1,6)-Gal branches in these GalT products. Thus, the major products formed by GALT8 were chromatographically and enzymically deduced to be an oligomeric β-(1,3)-D-galacto-oligosaccharide series of degree of polymerisation (DP) 2-5.

The composition of the GALT8 reaction products was further confirmed by direct infusion ESI-MS and -MSn of the individual peaks collected upon RP-HPLC fractionation. The major MS ions were observed to be a hexose series due to the m/z ?162 Da between ions upon MS2 fragmentation (Figure 2). Ions corresponding to 1 - 5 Gal (hexose) unit additions to β-Gal-NBD were detected, as expected based on the RP-HPLC chromatogram.
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FIGURE 2. Characterization of GALT8 enzyme assay products by direct infusion ESI-MS and -MSn. MS spectrum generated in positive ion mode showing a hexose series of up to DP5 by direct infusion ESI-MS of acetone-treated GalT assay products, with a m/z Δ162 Da between peaks. The abundance of DP6 was too low to be further fragmented by MS2. Yellow circles represent Gal residues, numbers their relative position in the chain.




β-Glucosyl Yariv Radial-Gel Diffusion Assay of GALT8 Reaction Products

Reactivity toward β-Glc Yariv is a specific test for the presence of AGPs, binding preferentially to β-(1,3)-Gal backbones with DP > 5 (Kitazawa et al., 2013; Paulsen et al., 2014). Thus, to determine whether the enzyme assay products of GALT8 have a type II AG β-(1,3)-Gal structure, their reactivity toward β-Glc Yariv using the radial-gel diffusion assay (van Holst and Clarke, 1985) was tested. RP-HPLC fractions from bulked GALT8 enzyme assay products were collected (Figure 3A) and applied into wells in an agarose gel containing β-Glc Yariv reagent. Fraction B containing products with DP ≥ 5 reacted positively toward β-Glc Yariv, as indicated by a reddish-orange halo that is also observed with increasing intensity with the gum arabic standard (Figure 3B). Fraction A with undefined higher DP was negative, likely due to the limited quantity of such products. None of the fractions exhibited a halo in the control gel containing α-Gal Yariv that does not bind AGPs (data not shown). Similarly, neither Fraction C containing DP 2-4, β-Gal-NBD, nor larch AG reacted with either β-Glc- or α-Gal-Yariv reagents (Figure 3B). These results further support the enzymatic and LC-MS data indicating that the products of the GALT8 enzyme assay are β-(1,3)-galacto-oligosaccharides.
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FIGURE 3. Characterization of GALT8 enzyme assay products by the β-glucosyl Yariv radial-gel diffusion assay. VENUS and GALT8 MM were extracted from N. benthamiana leaves transiently expressing the gene constructs. (A) Products from VENUS and GALT8 enzyme assays fractionated on RP-HPLC showing different collected fractions and their elution times (Fr. A: undefined higher DP; Fr. B: DP ≥ 5; and Fr. C: DP 2-4). (B) Fractions from RP-HPLC in a β-Glc Yariv radial-gel diffusion assay with gum arabic (GA) as positive control, and β-Gal-NBD and larch arabinogalactan (AG) as negative controls. Red halos indicate a positive reaction. Numbers above peaks indicate the number of Gal residues.




Characterization of a GALT8 T-DNA Insertion Mutant Line

To examine whether plants impaired in GALT8 function have a phenotype, seeds of a homozygous single-locus T-DNA insertion mutant line for GALT8 (galt8, SALK_208637C) were obtained from the Nottingham Arabidopsis Stock Centre (NASC) and bulked for genotyping. The zygosity and position of the T-DNA insertion in individual plants were determined by PCR screening using two sets of primers flanking the T-DNA insertion site (Figure 4A). The T-DNA insertion in galt8 was determined to be 1,663 bp downstream of the ATG codon, and 74 bp downstream of the position reported in the Arabidopsis T-DNA insertion database (SIGnAL2) (Figure 4A). The T-DNA insertion is just before the GxxYxxS sequence within conserved motif V in exon 9 (Figures 4A,B). Conserved motif V has a conserved glycine residue that is involved in donor binding (Taujale et al., 2020). It is therefore likely that the galt8 transcript is non-functional due to the lack of conserved motif VI. The last conserved motif VI contains the E/DDV and GxW/C domains and is located near the C-terminus of the GT31. Together with the DXD motif, it is involved in catalytic functions of GT-A fold inverting mammalian GTs and other GT31 family members (Qu et al., 2008; Egelund et al., 2010; Taujale et al., 2020).
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FIGURE 4. Molecular characterization of GALT8 T-DNA insertion line. (A) Schematic diagram of the general protein domain structure and major motifs of GALT8 (top) and the GALT8 locus (bottom). Top: N, N-terminus; C, C-terminus; TM, predicted trans-membrane region; ST, stem region; purple box, PFAM GalT (PF01762) domain; small pink and yellow boxes, six major conserved motifs I-VI. Bottom: yellow boxes, exons; blue lines, introns; dotted black lines, 5′ and 3′ UTRs; black triangle, position of T-DNA insertion; black hooked arrow, translation start site; black vertical line, stop codon. Primers used in genotyping and RT-PCR experiments are indicated with black and blue arrows, respectively. Numbers indicate nucleotides relative to the initiating AUG codon. (B) Protein alignment of GALT8 and KNS4/UPEX1 showing the sequences within motifs I-VI as shown in panel (A). Motifs are as follows: I – a conserved hydrophobic region, II - RxxxRxT/SW, III - FxxG/A, IV - AxF/YxxK, DxD, LxYxG, PxR and PExW, V - YP/FxA/C, GxxYxxS and DxA, VI - E/DDV and GxW/C. Black triangle, T-DNA insertion site; pink rectangle, position and sequence of the anti-GALT8 peptide epitope. (C) Upper left and upper middle panels show the PCR products amplified from WT Col-0 cDNA using the RTPCR(8)-2F and -2R primer pair. Right panel shows knock-out homozygous galt8 mutant line. The upper middle panel shows cDNA samples derived from floral organs at bud stages 10 to 12. Actin (ARP9), GAPDH (GAPA1), and tubulin (TUA2) were the housekeeping genes used as controls. Semi-quantitative-RT-PCR was performed on cDNA generated from galt8 mutant lines using primer pairs that lie either before (1, RTPCR(8)-1F and -1R) or after (2, RTPCR(8)-2F and -2R) the T-DNA insertion site. Predicted PCR product sizes: (1) 389 bp, (2) 211 bp. M, Hyperladder I DNA marker; NTC, no template control.


According to Arabidopsis microarray expression data (Arabidopsis eFP Browser 2.03), GALT8 is expressed in floral stages 9 to 12 when the floral organs rapidly elongate (Smyth et al., 1990), similar to KNS4/UPEX1, and appears to be specifically expressed in the micropylar endosperm in the pre-globular and globular stages post-fertilization (Supplementary Figure 4). To validate the microarray data, we analyzed by semi-quantitative RT-PCR the expression pattern of GALT8 in a range of vegetative and floral tissues (Figure 4C, left and middle panels). Our results show that GALT8 is expressed in floral buds (stages 10-12) as well as the mature flowers especially in the anther and pistil and in developing siliques. The expression of GALT8 was subsequently tested in the galt8 mutant line. The absence of a 211 bp band expected to be amplified by primers RT-PCR(8)-2F and RT-PCR(8)-2R in WT (WT, Col-0) indicates the loss of GALT8 transcription after the T-DNA insertion site (Figure 4C, right panel), confirming the absence of the downstream protein sequence as predicted.



Truncation and Site-Directed Mutagenesis of GALT8

To examine the importance of a full-length GALT8 and the role of the DDD sequence within conserved motif IV and other downstream motifs in its catalytic activity, truncation constructs of GALT8 at amino acid residue G293 within the GxxYxxS motif (GALT8 CΔ106) and I230 just before the DDD motif (GALT8 CΔ168), were generated (Figure 5A). GALT8 CΔ106 therefore mimics the T-DNA insertion in the galt8 mutant line. The conserved motif GxxYxxS of GT31 enzymes is part of a flexible G-loop, where the conserved glycine residue is involved in donor binding (Taujale et al., 2020) and is located near the active site (Petit et al., 2020). The DXD motif, in this case, D231D232D233, was mutated to N231D232N233 (GALT8 NDN) (Figure 5A) to generate a catalytic knockout construct.
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FIGURE 5. GalT activity and Western blot analysis of MM extracted from N. benthamiana leaves infiltrated with different truncated and mutated versions of GALT8 gene constructs, and wild type GALT8 as control. (A) Schematic diagrams of the GALT8 expression constructs. Top to bottom: Wild type GALT8, GALT8 mutated in the DDD domain (motif IV) marked with an asterisk, D231D232D233 mutated to N231D232N233, NDN; GALT8 truncated before the DDD domain (CΔ168); GALT8 truncated at the T-DNA insertion site (a.a. 292 from N-terminal, CΔ106). Pink arrow indicates anti-GALT8 peptide epitope. (B) GALT activity assays using MM (100 μg protein) prepared from N. benthamiana leaves infiltrated with different GALT8 gene constructs. (C) MM (100 μg protein) prepared from N. benthamiana leaves infiltrated with different GALT8 gene constructs (B) analyzed via Western blotting under reducing conditions using anti-GALT8 antibody as probe. MW of wild type GALT8 and GALT8 NDN = 45.2 kDa; MW of GALT8 CΔ106 = 33.3 kDa; MW of GALT8 CΔ168 = 26.3 kDa (red boxes). Bands with twice the MW of the GALT8 monomer versions are indicated by blue boxes, and may suggest homodimers.


These constructs were individually expressed in tobacco leaves and their protein levels and enzymatic activities measured as described above. In the WT full-length GALT8 control, oligosaccharide products up to DP5 were detected (Figure 5B). However, mutation in the predicted catalytic DDD site and both truncations (at either positions I230 or G293) led to a complete loss of GalT activity as only the β-Gal-NBD acceptor could be detected (Figure 5B). The presence of GALT8 protein in the MM was confirmed by Western blot in all four samples using an anti-GALT8 antibody (Figure 5C), indicating the lack of detectable enzyme activity was not due to an absence of GALT8 variant protein. WT GALT8, GALT8 NDN, GALT8 CΔ168, and GALT8 CΔ106 have predicted MWs of 45.2, 45.2, 26.3, and 33.3 kDa, respectively (red boxes, Figure 5C). Interestingly, bands with approximately twice the predicted MW of the GALT8 variants were observed (blue boxes, Figure 5C) and suggest the presence of homodimers. Upper bands may represent higher-order GALT8 protein complexes. Having confirmed that the GALT8 variant proteins are expressed and produce proteins of the expected sizes, we can conclude that the C-terminal domain containing the DDD and other conserved motifs is critical for the enzymatic activity of GALT8.



Phenotypes of the galt8 Mutant Lines

Seed germination and seedling establishment phases are potentially affected by defects in micropylar endosperm development, hence the germination rate and seedling morphology of galt8 mutants were analyzed to examine the effect of inactive GALT8. No difference in germination rate of galt8 mutant seeds was observed relative to WT (data not shown). However, a noticeably shorter hypocotyl was observed in galt8 seedlings compared to WT when grown in either the light or dark (Figures 6A, 7A, respectively). The average hypocotyl length of 6-day-old light-grown galt8 seedlings (1.3 ± 0.1 mm) was significantly shorter compared with those of WT Col-0 (1.6 ± 0.1 mm) (Student’s T-test, p < 0.05) (Figure 6B). A significant reduction in hypocotyl length was also observed in 4 days old dark-grown galt8 (5.5 ± 0.3 mm) versus WT (11.3 mm ± 0.3mm) seedlings (Student’s T-test, p < 0.01). WT Col-0 and galt8 roots of light-grown seedlings did not show a significant difference in root length (5.7 ± 0.5 cm and 4.8 ± 0.5 cm, respectively) (Figure 6C). In contrast, the average seedling leaf area of galt8 (1.78 ± 0.13 cm2) mutants was significantly smaller than that of WT Col-0 plants (2.19 ± 0.13 cm2) (Student’s T-test, p < 0.05) (Figure 6D), demonstrating that there are developmental deficiencies in galt8 mutant seedlings. Together, these phenotypes indicate that the GALT8 mutation impacts seedling establishment in Arabidopsis. By maturity, no significant differences were observed in stem height between WT Col-0 (32.5 ± 0.9 cm, n = 8) and galt8 (32.1 ± 0.7 cm, n = 8) plants.
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FIGURE 6. Hypocotyl length, root length, and seedling leaf area of galt8 and WT Col-0 lines. (A) Light-grown seedlings (6 days) of WT Col-0 and galt8. (B) Bar graph of the average hypocotyl length of 6 days old light-grown galt8 and WT Col-0 seedlings (n = 10). Asterisk indicates statistical significance (Student’s T-test, p < 0.05). (C) Bar graph of the average root length of galt8 and WT Col-0 seedlings 14 days post-germination (n = 10) (Student’s T-test, p > 0.05). (D) Average seedling leaf area of galt8 mutants compared to WT Col-0 two weeks after germination (n = 15; one-way Student’s T-test, p < 0.05). Overhead view of WT Col-0 (upper) and galt8 (lower) seedlings two weeks after germination to show relative leaf area. (E) Average number of seeds of galt8 mutants compared to WT Col-0 (n = 15 individuals; two-tail Student’s T-test, Upper p = 0.39, Lower p = 0.21). (F), Siliques from reciprocal crosses between galt8 and WT Col-0. Error bars indicate SE. Scale bar = 1 mm (A); Scale bar = 5 cm (D); Scale bar = 0.5 cm (F).
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FIGURE 7. Expression of GALT8 or KNS4/UPEX1 in Arabidopsis WT or galt8 mutant lines. (A), Hypocotyl phenotype of 4 days dark-grown seedlings of Arabidopsis WT Col-0, galt8, WT overexpressing (OE) lines and galt8 complementation lines. (B), Mean hypocotyl length ± standard deviation (SD) of the same lines. Values with different letters (a,b,c) represent a statistically significant difference (Student T-test, p < 0.01). (C,D), Quantitative gene expression analysis of GALT8 and KNS4/UPEX1, respectively, in 6 days light-grown seedlings. Mean expression ± SD of two biological replicates is shown relative to WT. Scale bar = 2 mm (A).


Siliques from galt8 and WT Col-0 plants were examined to reveal whether any defects in seed development could be observed. A similar number of seeds were produced both in the upper and lower half of galt8 and Col-0 siliques (Figure 6E). Additionally, siliques from reciprocal crosses between galt8 and WT Col-0 plants exhibited similar lengths (Figure 6F), suggesting the absence of a pollen defect in galt8 mutants. To confirm this, the morphology of galt8 and WT Col-0 pollen was analyzed by light microscopy and scanning electron microscopy (SEM) (Supplementary Figures 5A,B, respectively). These analyses revealed that galt8 mutants produce pollen grains that share similar surface morphology and overall phenotype with that of WT Col-0, suggesting that any phenotypic defects in galt8 are unlikely a result of an impairment in male gametophyte development.



Genetic Complementation of galt8

In order to determine if GALT8 and KNS4/UPEX1, both sub-clade II members of GT31 Clade 10 with β-(1,3)-GalT activity, are functionally equivalent, genetic complementation experiments were performed. Constructs with each of the combinations of the GALT8 or KNS4/UPEX1 promoter with either the GALT8 or KNS4/UPEX1 coding region were generated and transformed into galt8 mutants as well as WT Col-0 plants. Hypocotyl lengths of plants homozygous for one of each of the five complementation constructs were analyzed after 4 days growth on MS medium in the dark rather than the light for greater ease of phenotype quantification. Galt8 mutants homozygous for the proGALT8:GALT8 construct showed full complementation of the hypocotyl length phenotype. The GALT8 promoter driving KNS4/UPEX1 (proGALT8:KNS4/UPEX1) resulted in partial complementation with galt8 complementation lines displaying a significant increase in hypocotyl length compared to galt8, but not to the level of WT (Student’s T-test, p < 0.01) (Figures 7A,B and Supplementary Figure 6A). Expression of either GALT8 or KNS4/UPEX1 driven by the KNS4/UPEX1 promoter [both the longer (2006 bp) and shorter (1327 bp) variants (see section “Methods”)] in galt8 mutants resulted in no significant change in hypocotyl length compared to galt8. The presence in homozygous state of any of the five complementation cassettes in the WT Col-0 background appeared to have no effect on hypocotyl length (Figure 7B).

Quantitative PCR analyses of hypocotyls of 6 day-old light-grown seedlings of WT, galt8, and galt8-complementation lines showed that the GALT8 promoter restored the expression of GALT8 in galt8-complementation lines to WT levels (Figure 7C and Supplementary Figure 6B). In contrast, when KNS4/UPEX1 expression was driven by the GALT8 promoter in galt8 complementation lines, significantly higher transcript levels were observed compared to WT (Figure 7D and Supplementary Figure 6C). Therefore, an insufficient level of KNS4/UPEX1 transcript was not the reason for the hypocotyl phenotype not being restored in these lines. On the other hand, the KNS4/UPEX1 promoter only partly restored the expression level of GALT8 in galt8-complemented mutants, indicating that this promoter is weaker in comparison to the GALT8 promoter (Figure 7C and Supplementary Figure 6B). The observation of reduced levels of KNS4/UPEX1 expression in proKNS4:KNS4 lines compared to proGALT8:KNS4 lines also supports this interpretation (Figure 7D and Supplementary Figure 6C). Together, these data suggest that GALT8 has some but not complete functional overlap with KNS4/UPEX1.




DISCUSSION

To test the hypothesis that GALT8 has a similar biochemical activity to KNS4/UPEX1, GALT8 catalytic specificity was first examined using different UDP-sugar donors as substrates in an in vitro enzyme assay using a synthetic Gal-NBD acceptor. GALT8 was shown to have activity only when UDP-Gal but not UDP-Glc, UDP-Arap or UDP-Xyl was used as a donor thereby confirming the bioinformatics predictions that GALT8 is a GalT. Using a multi-pronged structural approach including RP-HPLC of enzyme assay products, linkage-specific enzymatic digestion and MS-based analyses, GALT8 was shown to be a β-(1,3)-GalT with essentially similar biochemical activity as KNS4/UPEX1 (Suzuki et al., 2017). β-Glc Yariv binding confirmed the enzyme products were precursors of type II AG glycans typically found attached to AGP protein backbones, although such glycans have been observed in pectin extracts (Immerzeel et al., 2006; Tan et al., 2013) and references therein. Our current data do not allow us to distinguish between these possibilities and hence we are unable to conclude whether GALT8 plays a role in either AGP or pectin biosynthesis or both.

To confirm that Gal was the incorporated monosaccharide into in vitro assay products derived from GALT8 activity, we tested the susceptibility of these products to enzymatic digestion. E. coli β-galactosidase digestion of the GALT8 reaction products resulted in the breakdown of all products and the β-Gal-NBD acceptor to the free NBD tag (Figure 1C). This confirmed that the products made by GALT8 were β-D-Gal oligosaccharides. In terms of the linkage type, a type II AG-specific hydrolase, SGalase1, and an endo-β-(1,6)-galactanase, Nc6GAL, were used to digest the galacto-oligosaccharide products. SGalase1 hydrolyzed the GALT8 products to β-Gal-NBD, whilst Nc6GAL was not able to digest the galacto-oligosaccharide products (Figure 1D), indicating the absence of β-(1,6)-Gal branches. This confirms that the major products formed by GALT8 were an oligomeric β-(1,3)-D-galacto-oligosaccharide series of DP 2-5. ESI-MS and -MSn of the individual peaks obtained from the biochemical enzyme assay further supported the results of the RP-HPLC and the enzymatic digestions. The positive reactivity to β-Glc Yariv dye of the higher DP galacto-oligosaccharides from the GALT8 enzyme assay indicates that the products of the GALT8 enzyme assay are β-(1,3)-galacto-oligosaccharides, since β-Glc Yariv binds preferentially to an unsubstituted β-(1,3)-Gal backbone with DP > 5 (Kitazawa et al., 2013; Paulsen et al., 2014).

This β-(1,3)-GalT activity is consistent with the predictions from the phylogenetic tree shown in Supplementary Figure 1. Clade 10, in which GALT8 and KNS4/UPEX1 belong, is divided into three robust sub-clades, III, I + II, and IV (Qu et al., 2008) with very high bootstrap support. Members of each sub-clade are predicted to have similar rather than distinct biochemical activities. Clade III contains the three demonstrated Hyp-O-GalTs HPGT1-3, consistent with their similar enzymatic activities (Ogawa-Ohnishi and Matsubayashi, 2015). There appears to be a core set of sequences within sub-clade I (At2g32430, At1g05170, At4g26940, and At1g11730) and sub-clade II (GALT8, At1g77810, and KNS4/UPEX1), the latter all displaying β-(1,3)-GalT activity catalyzing either single or multiple Gal additions. However, the sub-division of sub-clades I and II is not entirely clear. The consistent positioning of GALT31A at the base of sub-clades I and II suggests that this GT31 member may be part of a separate sub-clade. AtGALT31A was previously reported to have β-(1,6)-GalT activity (Geshi et al., 2013). However, we have been unable to replicate the β-(1,6)-GalT activity of AtGALT31A, rather we have shown using the same biochemical assay described in this study that it has β-(1,3)-GalT activity (Zeng et al., unpublished data). Another β-(1,6)-GalT, AtGALT29A (At1g08280), which elongates β-(1,6)-galactan side chains to form β-(1,6)-Gal branches on the β-(1,3)-galactan backbone of type II AGs, belongs to CAZy Family GT29 (Dilokpimol et al., 2014). It is possible that other GTs are responsible for synthesizing β-(1,6)-Gal linkages in Arabidopsis thaliana. The function of a sub-clade I and IV member has yet to be reported, although it seems likely that these enzymes would have similar biochemical activities to other Clade 10 members (Supplementary Figure 1).

Galt8 mutant lines were observed to have seedling phenotypes, notably, poor seedling establishment and reduced rosette leaf area (Figures 6A-D). GALT8 is expressed in the central cell and synergids before pollination and then afterward, in the micropylar endosperm, which provides a plausible explanation for its seedling phenotypes. These phenotypes suggest that not any β-(1,3)-GalTs is able to compensate for the loss of GALT8 in seedlings. In comparison, KNS4/UPEX1 is specifically expressed in the male gametophyte and kns4/upex1 mutants display a pollen-defective phenotype (Dobritsa et al., 2011; Li et al., 2017; Suzuki et al., 2017). Although GALT8 is also expressed in anthers (Figure 4C), galt8 mutants did not exhibit any observable pollen phenotype (Figures 6E,F and Supplementary Figure 5), suggesting that other genes may have functional overlap with GALT8 in pollen. Given its expression pattern, it is plausible that either KNS4/UPEX1 expression in the anther could provide sufficient GalT activity under normal conditions to negate a pollen phenotype in galt8 mutants or a number of other GT31 Clade 10 (subclades I and IV) members that are also expressed in this tissue could potentially fulfill this role (Arabidopsis eFP Browser4). Another possibility is that GALT8 has a divergent function to KNS4/UPEX1 in the anther that might manifest into a noticeable pollen phenotype in galt8 mutants when exposed to a/biotic stress. Further work is required to reveal which GT31 member/s can substitute the role/s of GALT8 during pollen development.

The observation of phenotypes in both kns4/upex1 and galt8 mutant lines suggests impairment of β-(1,3)-GalTs involved in type II AG backbone biosynthesis may lead to stronger phenotypes than other enzymes that participate in terminal sugar addition to type II AG moieties. Examples of enzymes that are AGP-specific and exhibit weak phenotypes in mutant Arabidopsis plants are the fucosyltransferases FUT4 and FUT6. Mutant fut4, fut6, and fut4/fut6 plants showed no phenotypic difference compared to WT Col-0 under physiological environments, but showed reduced root growth under elevated NaCl conditions (Wu et al., 2010; Liang et al., 2013; Tryfona et al., 2014; Soto et al., 2021). Another group of GTs participating in AGP glycan biosynthesis is the β-glucuronosyltransferases (GlcATs; GT14) (Ajayi and Showalter, 2020). Phenotypic analyses of single glcAT mutants revealed only mild phenotypes, with double and triple mutant combinations required for more phenotypic enhancement (Knoch et al., 2013; Lopez-Hernandez et al., 2020; Zhang et al., 2020). A potential reason why phenotypes resulting from mutations in β-(1,3)-GalT genes involved in generating the AG backbone may be more severe is that either more AGP backbones are affected in such instances and/or a greater proportion of total AG glycan moiety function is affected. Further work is needed to differentiate between such possibilities.

Online microarray data, previously published promoter-reporter findings, and seedling defects show that GALT8 affects the female gametophyte and later, micropylar endosperm development. KNS4/UPEX1, on the other hand, is specifically expressed in the tapetal cells of young anthers and affects pollen exine development (Dobritsa et al., 2011; Li et al., 2017; Suzuki et al., 2017). Based on the enzyme assays of GALT8 and KNS4/UPEX1, the two GTs share similar biochemical functions as β-(1,3)-GalTs but in distinct tissues. To determine whether GALT8 and KNS4/UPEX1 can functionally complement each other, a galt8-complementation experiment was designed such that the native GALT8 promoter was used to drive expression of either CDS to eliminate any spatio-temporal differences in their expression. As expected, the GALT8 promoter restored both the expression of GALT8 in galt8 complementation lines to WT levels, as well as the WT phenotype (Figure 7 and Supplementary Figure 6), indicating that the 852 bp promoter contains all the sequence features for proper expression. In contrast, when KNS4/UPEX1 expression was driven by the GALT8 promoter in galt8 complementation lines, significantly higher transcript levels relative to WT were observed but the hypocotyl phenotype was only partially restored. This suggests that GALT8 and KNS4/UPEX1 have only partly overlapping function, that is, there is functional divergence between these GT31 members to cause only partial and not full complementation.

An example of partial functional conservation in another plant GT is the IRX10 orthologs of Physcomitrella patens and A. thaliana. Despite the sequence similarity (∼76%) between the IRX10 orthologs in these two species, the Physcomitrella IRX10 gene is only able to partially rescue the Arabidopsis irx10/irx10-L double mutant, indicating that there has been neo- or sub-functionalization during their evolution (Hörnblad et al., 2013). Although, the high sequence identity of IRX10 orthologs in Arabidopsis and Physcomitrella did not result in full functional complementation, partially overlapping functions between the two proteins can still be explained by their sequence conservation. In the case of GALT8 and KNS4/UPEX1, the percentage identity of their full-length protein sequences is around 55%; however, the sequences surrounding the DDD motif involved in catalysis and the conserved motifs IV – VI further downstream in the C-terminal domain are more highly conserved (Figure 4B). Thus, it is possible that they share similar enzymatic activity but are functionally distinct, for example, through their differential interactions with protein partners and/or ligands. Another possibility that could explain the partial but not full complementation of the galt8 mutant by KNS4/UPEX1 is that this enzyme may be involved in the biosynthesis of a set of type II AG chains, either on AGPs and/or pectins, most likely the sidechains of RG I, that does not completely overlap with those made by GALT8. Comparison of the molecular interactions of GALT8 and KNS4/UPEX1 together with a detailed analysis of the pectin and AGP components of the WT, mutant and complementation lines is needed to shed further light on the functional specialization of these GT31 enzymes.

Genes often exhibit a dosage effect in which the amount of the protein or enzyme product is closely correlated with the number of gene copies present (Coate et al., 2016). This means that transcript abundance must increase with gene dosage in order to increase protein abundance. Using Arabidopsis IRX10 and IRX10-L as an example, it was shown that these two genes exhibit partial complementation effects and transgene dosage effects (Wu et al., 2009). When the IRX10-L was expressed as a single copy in the T1 generation and driven by the IRX10-L promoter, it partially complemented the irx10/irx10-L double mutant. When IRX10-L was expressed in the homozygous T2 generation and driven by the IRX10-L promoter, the wild-type appearance was restored in the irx10/irx10−L double mutant background (Wu et al., 2009). A reasonable interpretation of this result is that IRX10 and IRX10-L normally function in separate partially redundant biosynthetic pathways. With respect to GALT8 and KNS4/UPEX1, insufficient levels of KNS4/UPEX1 transcript was not the reason for the hypocotyl phenotype not being restored in galt8 complementation lines (Figure 7D). In the current study, only lines homozygous for the transgene were analyzed and so transcript levels driven by the GALT8 promoter should theoretically be similar to WT when expressed in the galt8 mutant background. This is indeed the case for GALT8. When two copies of the proGALT8:GALT8 expression cassette are present in galt8 complementation lines, transcript levels are observed to be similar to WT levels and when present in the WT background, are approximately double (Figure 7C and Supplementary Figure 6B). While the KNS4/UPEX1 promoter was able to restore KNS4/UPEX1 expression to WT levels, significantly more transcript, ∼4-fold higher than WT, was observed when expression was driven by the GALT8 promoter (Figure 7D and Supplementary Figure 6C), without full phenotypic rescue. This suggests that gene dosage is not the major reason why KNS4/UPEX1 is unable to complement the galt8 mutant. We speculate that due to their sequence variance, GALT8 and KNS4/UPEX1 may have a different suite of protein interaction partners, possibly within a type II AG biosynthetic complex, that is responsible for their functional divergence. That GALT8 was identified on immunoblots of denaturing protein gels at molecular masses greater than monomer size (Figure 5C) is suggestive that it is part of a protein complex. Further experiments are currently underway to test this hypothesis.

Our study has shown that GALT8 is a GT31 β-(1,3)-GalT involved in type II AG synthesis of AGPs and/or pectins, with galt8 mutants exhibiting developmental deficiencies at seedling stage. From the galt8-complementation experiments, it can be deduced that GALT8 has partial functional overlap with the previously reported KNS4/UPEX1, another β-(1,3)-GalT in the GT31 family. Gradually, the biochemical activities of the plant GT31 family members are being elucidated, although more studies are required to determine whether the β-(1,3)-GalTs, β-(1,6)-GalTs, and possibly other enzymes that add sugars to type II AG sidechains, form biosynthetic protein complexesas is the case during the production of other plant cell wall polysaccharides. In addition, the question of whether the type II β-(1,6)-GalT activities reside either within the GT31 family or elsewhere remains to be answered. Revealing the identities of all proteins involved in the biosynthesis of type II glycans is an important first step to synthesizing a type II AG in vitro and to manipulating them in a specific manner in planta to both further dissect their functional roles and biotechnological utility.
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N-Glycosylation of the SARS-CoV-2 Receptor Binding Domain Is Important for Functional Expression in Plants
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Nicotiana benthamiana is used worldwide as production host for recombinant proteins. Many recombinant proteins such as monoclonal antibodies, growth factors or viral antigens require posttranslational modifications like glycosylation for their function. Here, we transiently expressed different variants of the glycosylated receptor binding domain (RBD) from the SARS-CoV-2 spike protein in N. benthamiana. We characterized the impact of variations in RBD-length and posttranslational modifications on protein expression, yield and functionality. We found that a truncated RBD variant (RBD-215) consisting of amino acids Arg319-Leu533 can be efficiently expressed as a secreted soluble protein. Purified RBD-215 was mainly present as a monomer and showed binding to the conformation-dependent antibody CR3022, the cellular receptor angiotensin converting enzyme 2 (ACE2) and to antibodies present in convalescent sera. Expression of RBD-215 in glycoengineered ΔXT/FT plants resulted in the generation of complex N-glycans on both N-glycosylation sites. While site-directed mutagenesis showed that the N-glycans are important for proper RBD folding, differences in N-glycan processing had no effect on protein expression and function.
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INTRODUCTION

The ongoing COVID-19 pandemic underscores the urgency to increase the preparedness for future virus outbreaks and to establish countermeasures such as platform technologies to produce recombinant proteins for subunit vaccines or viral antigens for diagnostic tests (Amanat et al., 2020). High-level expression of authentic proteins is essential for the economic production of viral glycoproteins for different applications (Rybicki, 2009; Schillberg et al., 2019). To achieve high-level expression of recombinant proteins in plants, promoters or replicons derived from plant viruses are frequently used (Marillonnet et al., 2005; Sainsbury et al., 2009) and combined with synthetic gene approaches, such as codon optimization and signal peptide selection (Webster et al., 2017; Margolin et al., 2018). Despite these efforts, recombinant viral glycoproteins often accumulate at low levels in plants (Margolin et al., 2018). They are poorly processed (Le Mauff et al., 2015) and their expression can be associated with a stress response in the host leading to massive tissue necrosis (Phoolcharoen et al., 2011; Diego-Martin et al., 2020). The expression of the HIV-1 Env glycoprotein in N. benthamiana leaves, for instance, resulted in a severe phenotype and activation of the unfolded protein response (UPR), suggesting that the host biosynthetic machinery does not support efficient production of the protein (Margolin et al., 2019, 2020a).

Viral envelope or spike proteins that are used as subunit vaccines or in serological assays to detect neutralizing antibodies are often heavily glycosylated. The SARS-CoV-2 spike trimer contains 66 N-glycosylation sites that are highly occupied with N-glycans (Watanabe et al., 2020). The major folding pathway for glycoproteins in the ER involves the lectin chaperone calreticulin (CRT) and its membrane bound homolog calnexin (CNX) which bind to monoglucosylated N-glycans on substrate proteins and promote their folding (Kozlov and Gehring, 2020). CRT and CNX have been found associated with the HIV-1 Env glycoprotein and have an impact on folding of Env in mammalian cells (Otteken and Moss, 1996; Papandréou et al., 2010). Similarly, it was shown that binding of the SARS-CoV spike protein to CNX is critical for SARS-CoV infection (Fukushi et al., 2012). CNX promoted the folding of glycosylated spike protein during virus production and the progeny acquired infectious ability. CRT, on the other hand, did not associate with the SARS-CoV spike protein revealing different requirements of viral glycoproteins for lectin chaperone-mediated protein folding. In N. benthamiana, overexpression of human CRT increased the overall yield of several recombinant viral glycoproteins, including HIV-1 Env (Margolin et al., 2020a) and the ectodomain of the SARS-CoV-2 spike protein (Margolin et al., 2020c) and attenuated ER stress responses associated with viral glycoprotein expression. These findings underscore the importance of N-glycosylation and N-glycan-dependent quality control processes for recombinant protein production and reveal limitations that have to be addressed to make plant-based expression platforms such as N. benthamiana more attractive for economic production (Dicker and Strasser, 2015).

Here, we investigated the role of N-glycosylation for expression and function of the receptor binding domain (RBD) from the SARS-CoV-2 spike protein. Recombinant RBD can be used for vaccination approaches (Yang et al., 2020) or for serological assays to determine the presence and quality of an immune response against SARS-CoV-2 (Stadlbauer et al., 2020; Klausberger et al., 2021). The SARS-CoV-2 RBD has two N-glycosylation sites (N331 and N343) that are fully glycosylated when expressed in heterologous expression systems (Antonopoulos et al., 2020; Shajahan et al., 2020; Watanabe et al., 2020). Our data show that N-glycans on the RBD from the SARS-CoV-2 spike protein are important for protein folding and efficient RBD production as functional protein.



RESULTS



RBD IS PRESENT AS A HOMODIMER AND NON-FUNCTIONAL AFTER PURIFICATION FROM N. BENTHAMIANA

The receptor-binding domain (RBD) of the SARS-CoV-2 spike protein (amino acids R319-F541) (Figure 1A and Supplementary Figure 1) (Amanat et al., 2020; Lan et al., 2020) fused to the barley α-amylase signal peptide and a C-terminal polyhistidine tag was transiently expressed in leaves of N. benthamiana wild-type and glycoengineered ΔXT/FT plants (Strasser et al., 2008). A band of approximately 34 kDa was detectable and the expression levels were comparable in both N. benthamiana lines (Figure 1B). While recombinant RBD expressed in ΔXT/FT was sensitive to PNGase F digestion, RBD from wild-type was fully resistant indicating the presence of complex N-glycans with core α1,3-fucose that prevents cleavage by PNGase F in the wild-type derived RBD. For further characterization, RBD was purified from the apoplastic fluid of ΔXT/FT by immobilized metal ion affinity chromatography (IMAC) (Figure 1C). During purification, we noticed that the protein was less stable and prone to aggregate. Consequently, the overall yield varied from purification to purification and ranged from 1 to 10 μg/g fresh leaf. Purified plant-derived RBD migrated faster on immunoblots compared to RBD produced in HEK293 cells (RBD-HEK) which is presumably caused by divergent N-glycan processing (Figure 1D). SDS-PAGE under non-reducing conditions followed by immunoblotting revealed a major band of approximately 50 kDa for plant-produced RBD, indicating the presence of dimers. Homodimer formation for plant and mammalian-cell produced RBD was recently confirmed by size-exclusion chromatography and is likely promoted by incorrectly formed disulfide bonds (Klausberger et al., 2021).
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FIGURE 1. SARS-CoV-2 RBD is poorly expressed in Nicotiana benthamiana. (A) Schematic illustration of the SARS-CoV-2 RBD variant that was expressed. The position of the signal peptide (SP), the two N-glycans at position N331 and N343 and the C-terminal 6x histidine tag are indicated. (B) Protein extracts from infiltrated N. benthamiana wild-type (WT) or ΔXT/FT plants were subjected to PNGase F digestion and analyzed by immunoblots with antibodies against the 6x histidine-tag. (C) RBD produced in ΔXT/FT was purified from the apoplastic fluid 4 days after infiltration, subjected to SDS-PAGE under reducing conditions and stained with Coomassie Brilliant Blue. (D) Immunoblot analysis of RBD produced in HEK293 cells (RBD-HEK, 319–541 aa) and RBD produced in N. benthamiana. SDS-PAGE was carried out under reducing and non-reducing conditions. (E) Binding of sera from blood donors collected prior to 2018 (neg, n = 163) and sera from SARS-CoV-2 exposed individuals (pos, n = 26) to plant-produced RBD. Binding was analyzed using a Luminex bead-based assay and the median fluorescent intensity (log2 MFI) is shown. The lines indicating the 100% sensitivity cut-off (red) and the 100% specificity cut-off (green) as well as the receiver operating characteristic (ROC) curve and the area under the curve (AUC) are shown.


To examine whether plant-produced RBD is correctly folded, we analyzed the binding to human angiotensin converting enzyme 2 (ACE2) by ELISA. While RBD-HEK displayed the expected interaction with an ACE2-Fc fusion protein (see below), binding by plant-produced RBD was not consistently observed (data not shown). Similar results were obtained when the monoclonal antibody CR3022 was used as a capture antibody. CR3022 binds to a conformational RBD epitope (Yuan et al., 2020) and impaired binding to CR3022 is indicative of improper folding of the plant-produced RBD. Despite the failure to bind ACE2-Fc and CR3022, plant-produced RBD reacted with convalescent sera indicating the presence of epitopes that are recognized by polyclonal antibodies present in SARS-CoV-2 exposed individuals (Figure 1E).


RBD-KDEL Is Unstable When Transiently Expressed in N. benthamiana

For several recombinant proteins the attachment of a HDEL/KDEL Golgi-to-ER retrieval signal resulted in ER accumulation and improved expression levels in plants (Petruccelli et al., 2006; Loos et al., 2011). To see if increased ER-retention is beneficial for RBD production, we expressed RBD-KDEL transiently in N. benthamiana leaves (Figure 2A). Surprisingly, RBD-KDEL, which differs from RBD only by the presence of the KDEL tetrapeptide inserted after the polyhistidine tag (Supplementary Figure 1), was not detectable in crude protein extracts from infiltrated leaves (Figure 2B, lane 1). Incorrect disulfide bond formation together with prolonged ER retention could target RBD-KDEL to clearance by ER-associated degradation (ERAD) which is the major pathway for the degradation of misfolded glycoproteins from the ER (Hüttner and Strasser, 2012; Shin et al., 2018). To examine whether ERAD plays a role for the degradation of RBD-KDEL, we co-infiltrated RBD-KDEL together with the ERAD inhibitor kifunensine, which blocks the α-mannosidases that generate the N-glycan degradation signal required for ERAD of glycoproteins (Hüttner et al., 2014b). In addition, we co-infiltrated a dominant-negative variant of the Arabidopsis AAA ATPase CDC48A (CDC48A-QQ) which was previously shown to block ERAD (Müller et al., 2005). While kifunensine and CDC48A-QQ blocked the degradation of the glycosylated ERAD substrate SUBEX-C57Y-GFP (Hüttner et al., 2014a; Figure 2C), there was no improvement in the accumulation of RBD-KDEL indicating that the lack of protein was not due to glycan-dependent ERAD (Figure 2B). When we co-expressed human CRT, on the other hand, we could clearly detect RBD-KDEL on immunoblots (Figures 2B,D). By contrast, co-expression of Arabidopsis CRT2, which stabilized the ERAD substrate SUBEX-C57Y-GFP (Figure 2E), or co-expression of Arabidopsis CNX1, did not have an impact on RBD-KDEL (Figure 2D and Supplementary Figure 2). Taken together, these data indicate that RBD-KDEL is poorly expressed as a soluble protein in N. benthamiana.
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FIGURE 2. Co-expression of human CRT results in RBD-KDEL accumulation in Nicotiana benthamiana. (A) Schematic illustration of the expressed SARS-CoV-2 RBD-KDEL variant. (B) RBD-KDEL was co-expressed with 50 μM kifunensine (kif), Arabidopsis CDC48A-QQ (QQ) or human CRT (HsCRT). Samples were analyzed by immunoblotting 3 days after infiltration of N. benthamiana WT. Ponceau S staining (Ponc.) is shown as a loading control. RBD expression was included for comparison. (C) SUBEX-C57Y-GFP was co-expressed with kif or Arabidopsis CDC48A-QQ (QQ) and analyzed 3 days after infiltration of N. benthamiana WT. (D) RBD-KDEL was co-expressed with HsCRT or Arabidopsis CRT2 (AtCRT2). Both CRT variants were expressed with the pEAQ-HT vector and expression was analyzed 4 days after infiltration of N. benthamiana WT. (E) SUBEX-C57Y-GFP was co-expressed with HsCRT or AtCRT2 and analyzed 3 days after infiltration of N. benthamiana WT.




Human CRT Retains RBD in the ER

Next, we examined the effect of human CRT on RBD expression. When we co-expressed human CRT, the RBD expression levels appeared unchanged, but the mobility in SDS-PAGE was altered indicating differences in N-glycan processing (Figure 3A). We hypothesized that binding of human CRT prevents the trimming of monoglucosylated N-glycans (Glc1Man9GlcNAc2) to complex ones and causes the observed slower migration. Upon Endo H digestion a shift in mobility was detectable showing that RBD co-expressed with human CRT harbors oligomannosidic N-glycans (Figure 3B). The additional RBD bands that are detectable with the anti-RBD antibody are likely the result of proteolytic processing at the C-terminus (Figure 3A) which might take place in the apoplast.
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FIGURE 3. Human CRT retains glycoproteins in intracellular compartments. (A) HsCRT was co-expressed with RBD and analyzed 4 days after infiltration of Nicotiana benthamiana WT by immunoblotting with antibodies against RBD or the 6x histidine tag. (B) Endo H digestion of RBD co-expressed with. HsCRT.(C) Confocal microscopy of RBD-RFP co-expressed with HsCRT, AtCNX1 or AtCRT2. Scale bars = 50 μm. (D) Enlarged confocal image of RBD-RFP co-expressed with HsCRT. (E) Endo H digestion and immunoblotting of RBD-RFP co-expressed with HsCRT. (F) RFP-PDI5 co-expressed with/without HsCRT, HEXO3-RFP co-expressed with/without HsCRT, ST-RFP co-expressed with/without HsCRT. Images were taken 3 days after infiltration. Scale bars = 10 μm.


The previous experiments indicated that RBD is trafficking through the Golgi where oligomannosidic N-glycans are processed to complex ones (Figure 1B). Co-expression of human CRT prevents the maturation to complex N-glycans by retaining RBD in the ER or by protecting the N-glycans from processing in the Golgi. To examine the effect of CRT on the subcellular localization of RBD we replaced the polyhistidine-tag on RBD with the red fluorescent protein (RFP) and analyzed its localization in N. benthamiana leaf epidermal cells. Confocal microscopy confirmed that RBD-RFP was secreted to the apoplast (Figure 3C). By contrast, in the presence of human CRT, RBD-RFP was found in intracellular structures visually resembling protein bodies (Conley et al., 2009; Saberianfar et al., 2015) with a diameter of approximately 2.0–2.6 μm (Figures 3C,D). RBD-RFP expressed with human CRT displayed Endo H sensitive N-glycans, suggesting that the intracellular structures are ER-derived (Figure 3E). Arabidopsis CRT2 or CNX1 expression did not cause the localization in such cellular structures and RBD-RFP was still secreted to the apoplast (Figure 3C). To test if human CRT is specific for RBD or generally retaining glycoproteins in protein body-like structures, we co-expressed two glycoproteins, Arabidopsis RFP-PDI5 and N. benthamiana HEXO3-RFP (Farid et al., 2011; Shin et al., 2017), and the non-glycosylated ST-RFP fusion protein (Schoberer et al., 2019). While the two glycoproteins were found in protein body-like structures, ST-RFP was still detected in the apoplast (Figure 3F). This shows that human CRT specifically retains glycoproteins in ER-derived intracellular protein body-like structures but does not have a general effect on secretion of proteins.



A Truncated RBD Variant Is Efficiently Produced in N. benthamiana and Properly Folded

The low expression levels of RBD and the tendency for homodimer formation is possibly caused by the presence of an unpaired cysteine residue (C538) at the C-terminus (Supplementary Figure 1) leading to intermolecular cross-linking, homodimer formation and aggregation. To improve the expression of the soluble monomeric form we expressed an RBD variant with the cysteine at position 538 substituted by an alanine residue transiently in N. benthamiana. While RBD-C538A could be detected on immunoblots with an RBD-specific polyclonal antibody, reduced signals were present on immunoblots probed with an anti-His antibody indicating that the C-terminus is either not accessible or unstable (Supplementary Figure 3). Moreover, SDS-PAGE separation under non-reducing conditions and immunoblot analysis with an RBD-specific antibody showed that considerable amounts of dimeric RBD-C538A are still present, despite the removal of the unpaired cysteine residue. This result indicates that other cysteines may also contribute to the formation of dimeric RBD variants.

Next, we expressed a truncated RBD variant (RBD-215: amino acids R319-L533) lacking the cysteine at position 538 (Figure 4A and Supplementary Figure 1). The expression level of RBD-215 was approximately two times higher than the RBD expression level (RBD-215: 117 ± 41 μg/g fresh leaves compared to 63 ± 10 μg/g for RBD, determined from four independent experiments) (Figure 4B). Consistent with the higher expression level, more of RBD-215 could be purified from the apoplastic fluid (10–20 μg/g fresh leaves). SDS-PAGE of IMAC-purified RBD-215 under non-reducing conditions showed primarily the monomeric form (Figure 4C) and size-exclusion chromatography revealed approximately 10% dimers (Supplementary Figure 4). MS analysis of peptides showed that both RBD-215 N-glycosylation sites contained exclusively Golgi-processed N-glycans (Supplementary Figure 5). GlcNAc2Man3GlcNAc2 (GnGn) was the major peak on both sites and low amounts of truncated N-glycans likely generated in the apoplast were present. While N343 was almost completely (>99%) occupied, site N331 displayed small amounts (<4%) of non-glycosylated peptide. A bead-based binding assay with sera from SARS-CoV-2 exposed individuals confirmed that recombinant RBD-215 is recognized as SARS-CoV-2 antigen with high sensitivity and specificity (Figure 4D). ELISA with ACE2-Fc and the conformation-dependent RBD antibody CR3022 showed that RBD-215 binds equally well like HEK293-produced RBD to ACE2-Fc and CR3022 (Figures 4E,F). Biolayer interferometry analysis revealed that RBD-215 has an affinity (Kd of 30 ± 2 nM, n = 8) for CR3022 (Figure 4G) that is comparable to recombinant RBD produced in mammalian or insect cells (Klausberger et al., 2021).
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FIGURE 4. A plant-produced truncated RBD variant is functional. (A) Schematic illustration of the truncated RBD-215 variant. (B) Comparison of RBD and RBD-215 protein expression in leaf extracts of ΔXT/FT Nicotiana benthamiana analyzed by immunoblotting 4 days after infiltration. (C) RBD variants were purified from the apoplastic fluid 4 days after infiltration, analyzed by SDS-PAGE under reducing or non-reducing conditions, followed by Coomassie Brilliant Blue (CBB) staining. HEK293-produced RBD (RBD-HEK) was included for comparison. The altered mobility of RBD-HEK and the plant produced RBD variant is caused by differences in complex N-glycans. The arrow marks the position of the homodimer. (D) Binding of sera from healthy blood donors collected prior to 2018 (neg, n = 163) and sera from SARS-CoV-2 exposed individuals (pos, n = 26) to plant-produced RBD-215. Binding was analyzed using a Luminex bead-based assay and the median fluorescent intensity (log2 MFI) is shown. The lines indicating the 100% sensitivity cut-off (red) and the 100% specificity cut-off (green) as well as the receiver operating characteristic (ROC) curve and the area under the curve (AUC) are shown. (E) Binding of purified plant-produced RBD-215 and RBD-HEK to plates coated with ACE2-Fc or (F) antibody CR3022. Data are presented as mean ± SD (n = 3). (G) BLI analysis. Binding kinetics of the interaction between biotinylated mAb CR3022 loaded on SAX biosensors and RBD-215 at a concentration range of 1.2–300 nM. Representative real-time association and dissociation curves are shown.




N-Glycosylation Is Important for RBD-215 Production in N. benthamiana

The effect of the human lectin chaperone CRT on RBD variants suggests that N-glycosylation is important for ER-quality control and possibly also for protein folding. To characterize the effect of individual N-glycosylation site mutations on RBD-215 expression, we expressed the corresponding RBD-215 mutants in N. benthamiana leaves. In RBD-215-1Q, N331 was changed to Q331 and in RBD-215-2Q, N343 was changed to Q343 (Figure 5A). In crude protein extracts obtained 4 days after infiltration no protein was detectable on immunoblots. However, when co-expressed with human CRT, a specific band of expected size was found for both RBD-215 mutant variants (Figure 5B). By contrast, co-expression of Arabidopsis CRT2 from the same expression vector did neither result in the accumulation of RBD-215-1Q nor of RBD-215-2Q. Co-expression of human CRT resulted in reduced RBD-215 mobility on immunoblots indicating the presence of incompletely processed oligomannosidic N-glycans, but no overall increase in protein levels was detected (Figure 5C and Supplementary Figure 6). In contrast to RBD-215 that carries Endo H and PNGase F insensitive N-glycans when expressed in wild-type, both RBD-215 mutant variants were Endo H sensitive (Figure 5D). This finding is consistent with the CRT-mediated retention in ER-derived intracellular structures. Similar to RBD-KDEL, neither the treatment with the ERAD inhibitor kifunensine nor the expression of the dominant-negative ERAD factor CDC48A-QQ caused the accumulation of RBD-215-1Q or RBD-215-2Q (Figure 5E), suggesting that the RBD-215 mutant variants are not subjected to ERAD.
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FIGURE 5. N-glycosylation at both sites of the truncated RBD variant is required for expression in Nicotiana benthamiana. (A) Schematic illustration of the mutated RBD-215 variants lacking the indicated N-glycosylation sites. (B) RBD-215-1Q and RBD-215-2Q were co-expressed with HsCRT or AtCRT2 and samples were analyzed 4 days after infiltration of N. benthamiana WT by immunoblotting. (C) RBD-215 co-expressed with HsCRT is shown as a control. (D) Protein extracts from infiltrated N. benthamiana WT were subjected to Endo H or PNGase F digestion and analyzed by immunoblotting with anti-His antibodies. (E) RBD-215-1Q and RBD-215-2Q were co-expressed with kif or Arabidopsis CDC48A-QQ (QQ). Samples were analyzed 3 days after infiltration of N. benthamiana WT. (F) RBD-215-1Q and RBD-215-2Q were co-expressed with Arabidopsis BIP2 or Arabidopsis CRT3 both carrying an HA-tag for detection.


Our data show that Arabidopsis CRT2 is apparently less effective than human CRT in promoting accumulation of structurally compromised RBD variants in plants. To analyze the function of other members of the plant CRT family we co-expressed Arabidopsis CRT3. This CRT is specific for plants and has been found to interact with structurally defective Arabidopsis EF-Tu receptor (EFR) or BRASSINOSTEROID INSENSITIVE1 (BRI1) (Jin et al., 2009; Li et al., 2009; Saijo et al., 2009). Co-expression of RBD-215-1Q or RBD-215-2Q with HA-tagged Arabidopsis CRT3 did not have a comparable effect on the mutant variants as observed for human CRT expression (Figure 5F). Similarly, co-expression of the HSP70 family protein BIP2 that is involved in ER-retention and folding of defective proteins (Hong et al., 2008) did not improve RBD-215-1Q or RBD-215-2Q expression. To examine whether the effect of human CRT expression is N-glycan-dependent, we generated an RBD-215 variant (RBD-215-12Q) lacking both N-glycosylation sites. When infiltrated, no expression was detected on immunoblots and human CRT did not cause RBD-215-12Q accumulation (Supplementary Figure 7).

Expression of human CRT may suppress aggregate formation and promote folding of RBD-KDEL, RBD-215-1Q, and RBD-215-2Q leading to intracellular accumulation. To assess the folding of RBD variants we subjected crude protein extracts from leaves to SDS-PAGE under non-reducing conditions and used the conformation-dependent RBD-specific antibody CR3022 for detection on immunoblots (Figure 6A). RBD-215 and to some extent RBD and RBD-215-1Q reacted with CR3022. CR3022, on the other hand, did not bind to RBD-KDEL and RBD-215-2Q, suggesting that human CRT-mediated ER-retention does not substantially improve their folding.
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FIGURE 6. Human CRT has only a minor effect on folding of aberrant RBD variants. (A) The indicated RBD variants were expressed with or without HsCRT, crude protein extracts were subjected to SDS-PAGE under non-reducing conditions and analyzed by immunoblotting with anti-His or CR3022 antibody that binds to a conformational epitope on RBD. (B) Endo H digestion and immunoblot analysis of RBD-RFP (2 days after infiltration). (C) Confocal microscopy of RBD-RFP expressed in the presence of 50 μM kifunensine (kif) or 200 μM castanospermine (CST). Images were taken 2 days after infiltration. Scale bars = 10 μm. (D) Endo H digestion and immunoblot analysis of RBD-215 (3 days after infiltration) co-infiltrated with kifunensine. (E) ELISA of purified RBD-215 carrying oligomannosidic N-glycans. ACE2-Fc was coated and binding of RBD-215, RBD-215 + kif and RBD produced in HEK293 cells (RBD-HEK) was monitored with an anti-His antibody. Data are presented as mean ± SD (n = 3).


Finally, we investigated the effect of the two N-glycan processing inhibitors kifunensine and castanospermine on the expression and subcellular localization of RBD-RFP. While kifunensine blocks the removal of α-mannose residues, castanospermine is an inhibitor of α-glucosidase I and II involved in the trimming of α-glucose residues from the transferred Glc3Man9GlcNAc2 N-glycan. When co-infiltrated into leaves, both pharmacological inhibitors rendered the protein fully susceptible to Endo H digestion which confirms their inhibitory effect on N-glycan processing. However, the inhibition of early steps in N-glycan processing did neither alter RBD-RFP protein expression nor block RBD-RFP secretion (Figures 6B,C). In agreement with these data, RBD-215 co-infiltrated with kifunensine or castanospermine was readily expressed and carried exclusively Endo H sensitive oligomannosidic N-glycans (Figure 6D). To confirm this finding, we expressed RBD-215 in the presence of kifunensine and purified the protein from the apoplastic fluid. RBD-215 + kif displayed mainly unprocessed Man9GlcNAc2 N-glycans (Supplementary Figure 8), showed comparable yields after purification from the apoplastic fluid and was functional (Figure 6E). In summary, our data strongly indicate that N-glycosylation is crucial for RBD folding when transiently produced in N. benthamiana, but the degree of N-glycan processing and type of attached N-glycans are not important for RBD production and secretion.



DISCUSSION

In this study, we analyzed the transient expression of different recombinant RBD variants in N. benthamiana. We expressed an RBD variant that was previously produced in mammalian or insect cells (Stadlbauer et al., 2020; Klausberger et al., 2021) and observed low expression levels and high amounts of homodimers. Recombinant SARS-CoV-2 RBD variants have recently been produced in N. benthamiana using different transient expression systems (Diego-Martin et al., 2020; Mamedov et al., 2020; Rattanapisit et al., 2020; Makatsa et al., 2021). Diego-Martin et al. (2020) used a MagnICON-based expression vector to produce a His-tagged RBD variant carrying the same amino acid region (R319-F541) as present in our RBD. In agreement with our data, low yields (2-4 μg/g fresh weight) and considerable amounts of higher molecular weight bands were reported. In the study from Rattanapisit et al. (2020), a longer RBD variant (amino acids F318-C617) was expressed. In this variant C538 can form a disulfide bridge with C590 (Walls et al., 2020) which may stabilize the protein conformation leading to a functional protein that binds to ACE2 and CR3022 (Rattanapisit et al., 2020). There is, however, another cysteine at position 617 that remains unpaired as it makes a disulfide bridge with C649 in the full-length spike protein (Walls et al., 2020). The overall yield of this longer RBD variant was in the same range (8 μg/g fresh weight) as observed for the other plant produced RBDs. Mamedov et al. (2020) reported the expression of an RBD variant consisting of amino acids R319-S591. Like in the RBD-215 variant, there is an even number of cysteine residues in the amino acid sequence and the yield after purification (10–20 μg/g fresh weight, using the pEAQ-HT expression vector) was comparable to our yield. Together with our results, these data show that the choice of the RBD amino acid region is crucial for obtaining functional soluble protein with low aggregate formation.

When we used a polyclonal antibody binding to the RBD from SARS-CoV-2, we frequently observed additional faster migrating bands for the different expressed RBD variants. These bands were not observed with the antibody against the C-terminal 6x His-tag, indicating that the C-terminus undergoes proteolysis. Co-expression of human CRT reduced these bands. This suggests that association with human CRT or retention in protein body-like structures prevents the cleavage which might occur in the apoplast. While the unwanted proteolytic processing has no effect on the homogeneity and quality of the IMAC-purified recombinant RBD variants, it contributes to the observed low yield.

Numerous and diverse mammalian proteins have been successfully expressed in the secretory pathway of plants indicating that the plant ER is generally well equipped for protein folding and co- or posttranslational modifications (Stoger et al., 2014; Margolin et al., 2020b). However, there are subtle differences in protein folding and modifications in the ER that cause, for example, underglycosylation of recombinant human proteins expressed in plants (Castilho et al., 2018) or affect the assembly of protein subunits. Co-expression of folding assistants, including the chaperone BIP or the human thioredoxin family protein ERp44 increased the overall yield of a recombinant dimeric IgA produced in N. benthamiana (Göritzer et al., 2020). Similarly, co-expression of human CRT improved the expression of viral glycoproteins like HIV gp140 (Margolin et al., 2020a) and the full-length SARS-CoV-2 spike ectodomain (Margolin et al., 2020c). In vitro assays have shown that mammalian CRT is very effective in suppressing the aggregation of glycosylated proteins (Stronge et al., 2001). This appears to apply also to human CRT expressed in plants. While we observed no major impact on the expression levels of RBD-215, RBD or RBD-RFP, human CRT increased the amounts of structurally compromised RBD variants like RBD-KDEL and the two RBD-215 N-glycosylation site mutants that may form insoluble aggregates. Upon human CRT expression, the proteins carried oligomannosidic N-glycans and were retained inside the cells in distinct cellular structures visually resembling ER-derived protein bodies. Although the basic function of plant and human CRTs is conserved, the overexpression of Arabidopsis CRT2 did not result in intracellular accumulation of RBD variants. The sequence identity between Arabidopsis CRT2 and human CRT is quite high in the globular N domain and the proline-rich P domain and amino acid residues involved in chaperone function are fully conserved (Christensen et al., 2008; Qiu et al., 2012a; Liu and Li, 2013). The C-terminal acidic domain that is important for calcium binding is less conserved, but both human CRT and Arabidopsis CRT2 harbor a similar negative net charge in this region (Qiu et al., 2012b). Further studies are needed to address the functional differences between human and plant CRTs. In mammalian cells, CNX interacts with the SARS-CoV spike protein and promotes its folding (Fukushi et al., 2012). While the role of CNX for SARS-CoV-2 spike protein folding is currently unknown, it is possible that co-expression of human CNX has also a positive effect on the accumulation of structurally compromised RBD.

Castanospermine and derivatives are considered as potential antiviral drugs and have been used to prevent SARS-CoV infections (Fukushi et al., 2012) and SARS-CoV-2 replication (Clarke et al., 2021). In the presence of castanospermine glucose trimming is blocked and no monoglucosylated N-glycans are formed. The unprocessed N-glycans cannot interact with the carbohydrate-binding site from CRT/CNX (Kozlov and Gehring, 2020) thus preventing entry of the CNX/CRT cycle. Our data with castanospermine provide hints that impaired glycan-dependent interaction with endogenous plant CRT or CNX does not severely affect RBD-RFP and RBD-215 folding. The major role of the RBD-215 N-glycans could therefore be a direct effect on folding of the protein.

A role of N-glycosylation in immune evasion by camouflaging immunogenic protein epitopes is well known for pathogenic viruses (Watanabe et al., 2020) and the presence or absence of N-glycans can have a profound effect on the virus infectivity, antigenicity and immunogenicity of recombinant antigens (Vigerust et al., 2007; Ringe et al., 2019; Li et al., 2020). N-glycans are important for the spike protein folding, for modulating the accessibility to host proteases, for shielding to avoid the detection by the immune response of infected individuals and for interaction with cellular receptors (Walls et al., 2016; Pallesen et al., 2017; Li et al., 2020; Pinto et al., 2020; Zhang et al., 2020). The two RBD N-glycans are not part of the receptor-binding motif and not directly involved in receptor binding (Walls et al., 2020; Yang et al., 2020). The N-glycosylation site at position N343 is conserved in sarbecoviruses (Watanabe et al., 2020). Mutations of the SARS-CoV-2 RBD N-glycosylation site N343 affected RBD expression in a yeast cell surface-display assay (Starr et al., 2020). By contrast, various mutations at site N331 did not have a major effect on protein expression. ACE2 binding affinity, on the other hand, was less altered in these N-glycosylation site mutants. In another recent study, RBD N-glycosylation site mutants were expressed in HEK293 cells without any obvious effects on expression levels, but decreased ACE2 binding upon removal of the N-glycans at both sites was reported (Azad et al., 2021). In agreement with the later finding, the glycan at position N343 may play an important role for the opening mechanism of the spike and stabilization of RBD in the up state that is required for ACE2 binding and cell entry (Sztain et al., 2021). In plants, neither the individual RBD-215 N-glycosylation mutants nor the RBD-215 variant lacking both N-glycosylation sites (RBD-215-12Q) could be produced as soluble proteins, suggesting that both N-glycans contribute to proper folding. The misfolded glycosylated variants are not subjected to glycan-dependent ERAD which is the canonical pathway for clearance of misfolded glycoproteins in plants, yeast and mammals (Hüttner and Strasser, 2012). This suggests that aberrant RBD variants either form insoluble aggregates or are subjected to clearance by alternative processes involving autophagy and vacuolar degradation. Alternatively, the possibility of degradation during secretion or in the apoplast cannot be completely excluded. In conclusion, our studies show that N-glycosylation is critical to produce functional recombinant RBD variants in plants. Encouragingly, this work also demonstrates the suitability of plants for the production of serology reagents, meriting further development of plant-based platforms as part of the response to future pandemic outbreaks.



MATERIALS AND METHODS


RBD Cloning

The codon-optimized DNA sequence coding for the SARS-CoV-2 RBD (amino acids 319-541 from P0DTC2 – SPIKE_SARS2) from the first human isolate Wuhan-1 fused to the α-amylase signal peptide and a C-terminal hexahistidine tag was synthesized by GeneArt (Thermo Fisher Scientific). The DNA fragment was amplified by PCR with STRINGS-7F/STRINGS-8R (Supplementary Table 1), AgeI/XhoI digested and ligated into AgeI/XhoI digested plant expression vector pEAQ-HT (Sainsbury et al., 2009). To generate the pEAQ-RBD-KDEL expression vector, the sequence was amplified by PCR from the synthetic RBD DNA fragment with STRINGS-7F and RBD-6R and cloned into AgeI/XhoI digested pEAQ-HT. pEAQ-RBD-C538A was generated by cloning of the PCR product obtained with STRINGS-7F/RBD-7R into AgeI/XhoI sites of pEAQ-HT. The sequence coding for RBD-215 (amino acids 319-533) was amplified from the synthetic DNA using STRINGS-7F/RBD-9R and cloned into pEAQ-HT. To express the RBD-215 mutants RBD-215-1Q, RBD-215-2Q and RBD-215-12Q (Supplementary Figure 1), synthetic RBD DNA fragments harboring the respective codon-exchanges were amplified and cloned in the same manner. For RBD-RFP expression, RBD was amplified from the synthetic RBD DNA fragment with RBD-3F and RBD-5R, XbaI/BamHI digested and cloned into expression vector p48 (Hüttner et al., 2014b).



Cloning of Expression Vectors for Chaperones and Other Proteins

The pEAQ-CRT expression vector carrying human CRT was described in detail previously (Margolin et al., 2020a). The expression vectors p47-SUBEX-C57Y (SUBEX-C57Y-GFP) (Hüttner et al., 2014a), p31-NbHEXO3 (HEXO3-RFP) (Shin et al., 2017), p59-CRT2 (RFP-CRT2) (Göritzer et al., 2020), p110-CNX1 (RFP-CNX1) (Göritzer et al., 2020), p42-BiP2 (BiP2-HA) (Göritzer et al., 2020) and ST-RFP (Schoberer et al., 2019) were described previously. The Arabidopsis thaliana CRT2 (At1g09210) coding sequence was amplified from p59-CRT2 with primers At1g09210-11F/At1g09210-12R and cloned into AgeI/XhoI sites of pEAQ-HT to generate pEAQ-AtCRT2 (untagged CRT2). Vector p41-AtCNX1 (CNX1-HA) was generated by PCR amplification from p110-CNX1 with primers CNX1-10F/CNX1-11R and cloning into the XbaI/BamHI sites of p41 (Shin et al., 2018). For p42-CRT3 (CRT3-HA), the coding sequence was amplified from A. thaliana cDNA using primers CRT3-3F/CRT3-4R, XbaI/BamHI digested and cloned into XbaI/BamHI digested p42. For p117-PDI5 (RFP-PDI5) the coding sequence was amplified from A. thaliana cDNA using primers PDI5-3F/PDI5-4R, XbaI/BamHI digested and cloned into XbaI/BamHI digested p117 (Shin et al., 2018). For p45-AtCDC48A-QQ generation, the coding sequence was PCR amplified with primers AtCDC48-3F/-6R from the AtCDC48A-QQ K487 plasmid provided by Ralph Panstruga (RWTH Aachen University, Aachen, Germany) (Müller et al., 2005). The PCR product was SpeI/SalI digested and cloned into XbaI/SalI sites of vector p45. Expression vector p45 is a derivative of pPT2M (Strasser et al., 2005) with an N-terminal RFP-tag expressed under the control of the CaMV35S promoter.



Protein Expression and Purification

The pEAQ-HT plant expression vectors containing RBD, RBD-KDEL, RBD-C538A, RBD-215, RBD-215-1Q, RBD-215-2Q, and RBD-215-12Q were transformed into Agrobacterium tumefaciens strain UIA143 (Strasser et al., 2005). Syringe-mediated agroinfiltration of leaves from 5-week old N. benthamiana wild-type or ΔXT/FT was used for transient expression as described (Strasser et al., 2008). For the purification, leaves were harvested 4 days after infiltration and intracellular fluid was collected by low-speed centrifugation as described in detail previously (Castilho et al., 2011). His-tagged RBD or RBD-215 were purified from collected intracellular fluid by loading onto a 5 ml HisTrap HP column (Sigma-Aldrich), elution with imidazole and subsequent dialysis and concentration by ultracentrifugation as described in detail previously (Göritzer et al., 2019). Expression and purification of RBD-His, ACE2-Fc and the monoclonal antibody CR3022 in HEK293 cells has been described in detail recently (Castilho et al., 2021; Klausberger et al., 2021).



Immunoblot Analysis

For co-expression with different constructs, agrobacteria were mixed, infiltrated into leaves and harvested at the indicated time points. For the block of α-mannosidases, 50 μM kifunensine (Santa Cruz Biotechnology) was co-infiltrated with the agrobacteria suspension and for the block of α-glucosidases 200 μM castanospermine (Sigma-Aldrich) was co-infiltrated. Crude protein extracts or purified protein were subjected to SDS-PAGE under reducing or non-reducing (no reducing agent, no boiling of samples) conditions and after blotting the proteins were detected using anti-His (Thermo Fisher Scientific), anti-RBD (Sino Biological) anti-GFP-HRP (Miltenyi Biotec), anti-RFP (Chromotek) and anti-HA (Roche) antibodies. For deglycosylation, proteins were denatured and incubated with or without Endo H or PNGase F (both from NEB) according to the manufacturer’s instructions.



Luminex Assay

Receptor binding domain and RBD-215 were separately coupled to MagPlex carboxylated polystyrene microspheres (Luminex Corporation) according to the manufacturer’s instruction, with the following minor modifications: 5 μg of each RBD antigen was used for coupling per one million microspheres. Coupling was performed in a total volume of 500 μL in 96-Well Protein LoBind Deepwell plates (Eppendorf) and plates were incubated at 600 rpm on a Heidolph Titramax 1000 plate shaker (Heidolph). The assays with pre-COVID-19 sera and sera from SARS-CoV-2 infected individuals (AIT cohorts) were carried out as described in detail recently (Klausberger et al., 2021).



Biolayer Interferometry Measurements

Interaction studies of RBD-215 with in-house produced anti-RBD monoclonal antibody CR3022 (Klausberger et al., 2021) were performed on an Octet RED96e system using high precision streptavidin biosensors (ForteBio). CR3022 was biotinylated using the EZLink Sulfo-NHS-LC Biotin kit (Thermo Fisher Scientific) and purified using PD-10 desalting columns (Cytiva). All assays were conducted in PBS supplemented with 0.05% (v/v) Tween 20 and 0.1% (w/v) BSA (PBST-BSA) at 25°C with the plate shaking at 1000 rpm. The biosensors were equilibrated in PBST-BSA followed by dipping into a 34 nM solution of the respective biotinylated capture molecule. To determine Kd values, titration of RBD-215 was performed to cover a broad concentration range around the respective Kd value. To record association rates, CR3022-loaded biosensors were submerged into three-fold (300–1.2 nM) serial dilutions of RBD for 300 s. For dissociation, the biosensors were dipped into PBST-BSA for 100 s. Each experiment was performed in triplicates. Data were evaluated using the Octet data analysis software version 11.1.1.39 as described (Klausberger et al., 2021).



ELISA

2.5 μg/ml of monoclonal antibody CR3022 (Absolute Antibody) or 3 μg/ml of HEK293-produced human ACE2-Fc (Klausberger et al., 2021) were coated (50 μl/well) in bicarbonate buffer or PBS, respectively, onto NUNC MaxiSorp 96 well plates (Thermo Fisher Scientific) overnight at 4°C. Plates were washed three times with PBS supplemented with 0.1% (v/v) Tween 20 (PBST) and subsequently blocked for 1 h with 1% (w/v) BSA in PBST. Purified RBD was diluted in PBST supplemented with 1% BSA (twofold dilution series: 1–0.0625 μg/ml) and incubated for 2 h. The plates were washed 3 times with PBST and incubated for 1.5 h with biotin-conjugated anti-His antibody (Thermo Fisher Scientific) diluted 1:1000 in PBST + 1% (w/v) BSA. After washing, plates were incubated for 30 min with streptavidin-horseradish peroxidase (HRP) conjugate (Roche) diluted 1:5000 in PBST + 1% (w/v) BSA. After 3 washes, substrate solution [10 mM sodium acetate, pH 5 + 1:60 diluted TMB-stock solution (0.4% (w/v) tetramethylbenzidine (Fluka) in DMSO) + 1:300 diluted H2O2 (0.6% in H2O)] was applied (150 μl/well) and plates were incubated for 5–10 min with shaking. Reactions were stopped by the addition of 1 M sulfuric acid (25 μl/well) and absorbance was measured at 450 nm on a Tecan Sunrise Microplate reader using a reference wavelength of 620 nm.



Confocal Microscopy

Leaves of 5-week-old wild type N. benthamiana were infiltrated with agrobacterium suspensions carrying the plasmids for protein expression with an OD600 of 0.1. Confocal images were acquired 72 h after infiltration on a Leica SP5 confocal microscope (Leica Microsystems) as described (Schoberer et al., 2019).



Liquid Chromatography Electrospray Ionization Mass Spectrometry (LC/ESI-MS)

Purified RBD-215 was S-alkylated with iodoacetamide and digested in solution with endoproteinases LysC (Roche) and GluC (Promega). Digested samples were analyzed using a maXis 4G QTOF mass spectrometer (Bruker) as described (Klausberger et al., 2021).



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the city of Vienna. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

Y-JS, JK-B, UV, JS, NFK, MK, EL, CG-G, KV, and MH conducted the experiments. Y-JS, MK, EL, CG-G, AW, ES, LM, and RS analyzed the results. Y-JS, AW, ES, LM, and RS supervised and designed the experiments. EM helped with data analysis and provided expertise for chaperone expression. RS conceptualized the study and wrote the manuscript with support from LM and Y-JS. All authors have made a substantial and intellectual contribution to the work and approved it for publication.



FUNDING

This work was supported by the Austrian Science Fund (FWF) Project P31920-B32 and Doctoral Program BioToP–Biomolecular Technology of Proteins (W1224-B09). This project was further supported by the BOKU COVID-19 Initiative, Equipment-BOKU Vienna Institute of Biotechnology (EQ-BOKU VIBT) GmbH, and BOKU Core Facility Biomolecular & Cellular Analysis, Mass Spectrometry and Multiscale Bioimaging. EM was supported by core funding from the Wellcome Trust (203135/Z/16/Z).



ACKNOWLEDGMENTS

We thank Christiane Veit for help with the cloning of some expression constructs. We also thank Prof. George Lomonossoff (John Innes Centre, Norwich, United Kingdom) and Plant Bioscience Limited (PBL) (Norwich, United Kingdom) for supplying the pEAQ-HT expression vector, and Ralph Panstruga (RWTH Aachen University, Germany) for the kind gift of the CDC48A-QQ vector.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.689104/full#supplementary-material



REFERENCES

Amanat, F., Stadlbauer, D., Strohmeier, S., Nguyen, T. H. O., Chromikova, V., McMahon, M., et al. (2020). A serological assay to detect SARS-CoV-2 seroconversion in humans. Nat. Med. 26, 1033–1036. doi: 10.1038/s41591-020-0913-5

Antonopoulos, A., Broome, S., Sharov, V., Ziegenfuss, C., Easton, R. L., Panico, M., et al. (2020). Site-specific characterisation of SARS-CoV-2 spike glycoprotein receptor binding domain. Glycobiology 31, 181–187. doi: 10.1093/glycob/cwaa085

Azad, T., Singaravelu, R., Taha, Z., Jamieson, T. R., Boulton, S., Crupi, M. J. F., et al. (2021). Nanoluciferase complementation-based bioreporter reveals the importance of N-linked glycosylation of SARS-CoV-2 S for viral entry. Mol. Ther. S1525-0016:00074-5. doi: 10.1016/j.ymthe.2021.02.007

Castilho, A., Beihammer, G., Pfeiffer, C., Göritzer, K., Montero-Morales, L., Vavra, U., et al. (2018). An oligosaccharyltransferase from Leishmania major increases the N-glycan occupancy on recombinant glycoproteins produced in Nicotiana benthamiana. Plant Biotechnol. J. 16, 1700–1709. doi: 10.1111/pbi.12906

Castilho, A., Gattinger, P., Grass, J., Jez, J., Pabst, M., Altmann, F., et al. (2011). N-glycosylation engineering of plants for the biosynthesis of glycoproteins with bisected and branched complex N-glycans. Glycobiology 21, 813–823.

Castilho, A., Schwestka, J., Kienzl, N. F., Vavra, U., Grünwald-Gruber, C., Izadi, S., et al. (2021). Generation of enzymatically competent SARS-CoV-2 decoy receptor ACE2-Fc in glycoengineered Nicotiana benthamiana. Biotechnol. J. 22:e2000566. doi: 10.1002/biot.202000566

Christensen, A., Svensson, K., Persson, S., Jung, J., Michalak, M., Widell, S., et al. (2008). Functional characterization of Arabidopsis calreticulin1a: a key alleviator of endoplasmic reticulum stress. Plant Cell Physiol. 49, 912–924. doi: 10.1093/pcp/pcn065

Clarke, E. C., Nofchissey, R. A., Ye, C., and Bradfute, S. B. (2021). The iminosugars celgosivir, castanospermine and UV-4 inhibit SARS-CoV-2 replication. Glycobiology 31, 378–384. doi: 10.1093/glycob/cwaa091

Conley, A. J., Joensuu, J. J., Menassa, R., and Brandle, J. E. (2009). Induction of protein body formation in plant leaves by elastin-like polypeptide fusions. BMC Biol. 7:48. doi: 10.1186/1741-7007-7-48

Dicker, M., and Strasser, R. (2015). Using glyco-engineering to produce therapeutic proteins. Exp. Opin. Biol. Ther. 15, 1501–1516. doi: 10.1517/14712598.2015.1069271

Diego-Martin, B., González, B., Vazquez-Vilar, M., Selma, S., Mateos-Fernández, R., Gianoglio, S., et al. (2020). Pilot production of SARS-CoV-2 related proteins in plants: a proof of concept for rapid repurposing of indoor farms into biomanufacturing facilities. Front. Plant Sci. 11:612781. doi: 10.3389/fpls.2020.612781

Farid, A., Pabst, M., Schoberer, J., Altmann, F., Glössl, J., and Strasser, R. (2011). Arabidopsis thaliana alpha1,2-glucosyltransferase (ALG10) is required for efficient N-glycosylation and leaf growth. Plant J. 68, 314–325. doi: 10.1111/j.1365-313X.2011.04688.x

Fukushi, M., Yoshinaka, Y., Matsuoka, Y., Hatakeyama, S., Ishizaka, Y., Kirikae, T., et al. (2012). Monitoring of S protein maturation in the endoplasmic reticulum by calnexin is important for the infectivity of severe acute respiratory syndrome coronavirus. J. Virol. 86, 11745–11753. doi: 10.1128/JVI.01250-12

Göritzer, K., Goet, I., Duric, S., Maresch, D., Altmann, F., Obinger, C., et al. (2020). Efficient N-glycosylation of the heavy chain tailpiece promotes the formation of plant-produced dimeric IgA. Front. Chem. 8:346. doi: 10.3389/fchem.2020.00346

Göritzer, K., Turupcu, A., Maresch, D., Novak, J., Altmann, F., Oostenbrink, C., et al. (2019). Distinct Fcα receptor N-glycans modulate the binding affinity to immunoglobulin A (IgA) antibodies. J. Biol. Chem. 294, 13995–14008. doi: 10.1074/jbc.RA119.009954

Hong, Z., Jin, H., Tzfira, T., and Li, J. (2008). Multiple mechanism-mediated retention of a defective brassinosteroid receptor in the endoplasmic reticulum of Arabidopsis. Plant Cell 20, 3418–3429.

Hüttner, S., and Strasser, R. (2012). Endoplasmic reticulum-associated degradation of glycoproteins in plants. Front. Plant Sci. 3:67. doi: 10.3389/fpls.2012.00067

Hüttner, S., Veit, C., Vavra, U., Schoberer, J., Dicker, M., Maresch, D., et al. (2014a). A context-independent N-glycan signal targets the misfolded extracellular domain of Arabidopsis STRUBBELIG to endoplasmic-reticulum-associated degradation. Biochem. J. 464, 401–411. doi: 10.1042/BJ20141057

Hüttner, S., Veit, C., Vavra, U., Schoberer, J., Liebminger, E., Maresch, D., et al. (2014b). Arabidopsis class i α-mannosidases MNS4 and MNS5 are involved in endoplasmic reticulum-associated degradation of misfolded glycoproteins. Plant Cell 26, 1712–1728. doi: 10.1105/tpc.114.123216

Jin, H., Hong, Z., Su, W., and Li, J. (2009). A plant-specific calreticulin is a key retention factor for a defective brassinosteroid receptor in the endoplasmic reticulum. Proc. Natl. Acad. Sci. U.S.A. 106, 13612–13617. doi: 10.1073/pnas.0906144106

Klausberger, M., Duerkop, M., Haslacher, H., Wozniak-Knopp, G., Cserjan-Puschmann, M., Perkmann, T., et al. (2021). A comprehensive antigen production and characterisation study for easy-to-implement, specific and quantitative SARS-CoV-2 serotests. EBioMedicine 67:103348. doi: 10.1016/j.ebiom.2021.103348

Kozlov, G., and Gehring, K. (2020). Calnexin cycle - structural features of the ER chaperone system. FEBS J. 287, 4322–4340. doi: 10.1111/febs.15330

Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020). Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 581, 215–220. doi: 10.1038/s41586-020-2180-5

Le Mauff, F., Mercier, G., Chan, P., Burel, C., Vaudry, D., Bardor, M., et al. (2015). Biochemical composition of haemagglutinin-based influenza virus-like particle vaccine produced by transient expression in tobacco plants. Plant Biotechnol. J. 13, 717–725. doi: 10.1111/pbi.12301

Li, J., Zhao-Hui, C., Batoux, M., Nekrasov, V., Roux, M., Chinchilla, D., et al. (2009). Specific ER quality control components required for biogenesis of the plant innate immune receptor EFR. Proc. Natl. Acad. Sci. U.S.A. 106, 15973–15978.

Li, Q., Wu, J., Nie, J., Zhang, L., Hao, H., Liu, S., et al. (2020). The impact of mutations in SARS-CoV-2 spike on viral infectivity and antigenicity. Cell 182, 1284–1294.e9. doi: 10.1016/j.cell.2020.07.012

Liu, Y., and Li, J. (2013). A conserved basic residue cluster is essential for the protein quality control function of the Arabidopsis calreticulin 3. Plant Signal. Behav. 8:e23864. doi: 10.4161/psb.23864

Loos, A., Van Droogenbroeck, B., Hillmer, S., Grass, J., Kunert, R., Cao, J., et al. (2011). Production of monoclonal antibodies with a controlled N-glycosylation pattern in seeds of Arabidopsis thaliana. Plant Biotechnol. J. 9, 179–192. doi: 10.1111/j.1467-7652.2010.00540.x

Makatsa, M. S., Tincho, M. B., Wendoh, J. M., Ismail, S. D., Nesamari, R., Pera, F., et al. (2021). SARS-CoV-2 antigens expressed in plants detect antibody responses in COVID-19 patients. Front. Plant Sci. 12:589940. doi: 10.3389/fpls.2021.589940

Mamedov, T., Yuksel, D., Ilgın, M., Gürbüzaslan, I., Gulec, B., Mammadova, G., et al. (2020). Engineering, production and characterization of Spike and Nucleocapsid structural proteins of SARS–CoV-2 in Nicotiana benthamiana as vaccine candidates against COVID-19. Biorxiv [Preprint] doi: 10.1101/2020.12.29.424779 2020.12.29.424779,

Margolin, E., Chapman, R., Meyers, A. E., van Diepen, M. T., Ximba, P., Hermanus, T., et al. (2019). Production and immunogenicity of soluble plant-produced HIV-1 subtype C envelope gp140 immunogens. Front. Plant Sci. 10:1378. doi: 10.3389/fpls.2019.01378

Margolin, E., Chapman, R., Williamson, A. L., Rybicki, E. P., and Meyers, A. E. (2018). Production of complex viral glycoproteins in plants as vaccine immunogens. Plant Biotechnol. J. 16, 1531–1545. doi: 10.1111/pbi.12963

Margolin, E., Oh, Y. J., Verbeek, M., Naude, J., Ponndorf, D., Meshcheriakova, Y. A., et al. (2020a). Co-expression of human calreticulin significantly improves the production of HIV gp140 and other viral glycoproteins in plants. Plant Biotechnol. J. 18, 2109–2117. doi: 10.1111/pbi.13369

Margolin, E., Verbeek, M., Meyers, A., Chapman, R., Williamson, A. L., and Rybicki, E. P. (2020c). Calreticulin co-expression supports high level production of a recombinant SARS-CoV-2 spike mimetic in Nicotiana benthamiana. Biorxiv [Preprint]. doi: 10.1101/2020.06.14.150458 2020.06.14.150458,

Margolin, E. A., Strasser, R., Chapman, R., Williamson, A. L., Rybicki, E. P., and Meyers, A. E. (2020b). Engineering the plant secretory pathway for the production of next-generation pharmaceuticals. Trends Biotechnol. 38, 1034–1044. doi: 10.1016/j.tibtech.2020.03.004

Marillonnet, S., Thoeringer, C., Kandzia, R., Klimyuk, V., and Gleba, Y. (2005). Systemic Agrobacterium tumefaciens-mediated transfection of viral replicons for efficient transient expression in plants. Nat. Biotechnol. 23, 718–723. doi: 10.1038/nbt1094

Müller, J., Piffanelli, P., Devoto, A., Miklis, M., Elliott, C., Ortmann, B., et al. (2005). Conserved ERAD-like quality control of a plant polytopic membrane protein. Plant Cell 17, 149–163.

Otteken, A., and Moss, B. (1996). Calreticulin interacts with newly synthesized human immunodeficiency virus type 1 envelope glycoprotein, suggesting a chaperone function similar to that of calnexin. J. Biol. Chem. 271, 97–103. doi: 10.1074/jbc.271.1.97

Pallesen, J., Wang, N., Corbett, K. S., Wrapp, D., Kirchdoerfer, R. N., Turner, H. L., et al. (2017). Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. U.S.A. 114, E7348–E7357. doi: 10.1073/pnas.1707304114

Papandréou, M. J., Barbouche, R., Guieu, R., Rivera, S., Fantini, J., Khrestchatisky, M., et al. (2010). Mapping of domains on HIV envelope protein mediating association with calnexin and protein-disulfide isomerase. J. Biol. Chem. 285, 13788–13796. doi: 10.1074/jbc.M109.066670

Petruccelli, S., Otegui, M. S., Lareu, F., Tran Dinh, O., Fitchette, A. C., Circosta, A., et al. (2006). A KDEL-tagged monoclonal antibody is efficiently retained in the endoplasmic reticulum in leaves, but is both partially secreted and sorted to protein storage vacuoles in seeds. Plant Biotechnol. J. 4, 511–527. doi: 10.1111/j.1467-7652.2006.00200.x

Phoolcharoen, W., Bhoo, S. H., Lai, H., Ma, J., Arntzen, C. J., Chen, Q., et al. (2011). Expression of an immunogenic Ebola immune complex in Nicotiana benthamiana. Plant Biotechnol J. 9, 807–816. doi: 10.1111/j.1467-7652.2011.00593.x

Pinto, D., Park, Y. J., Beltramello, M., Walls, A. C., Tortorici, M. A., Bianchi, S., et al. (2020). Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody. Nature 583, 290–295. doi: 10.1038/s41586-020-2349-y

Qiu, Y., Xi, J., Du, L., and Poovaiah, B. W. (2012a). The function of calreticulin in plant immunity: new discoveries for an old protein. Plant Signal. Behav. 7, 907–910. doi: 10.4161/psb.20721

Qiu, Y., Xi, J., Du, L., Roje, S., and Poovaiah, B. W. (2012b). A dual regulatory role of Arabidopsis calreticulin-2 in plant innate immunity. Plant J. 69, 489–500. doi: 10.1111/j.1365-313X.2011.04807.x

Rattanapisit, K., Shanmugaraj, B., Manopwisedjaroen, S., Purwono, P. B., Siriwattananon, K., Khorattanakulchai, N., et al. (2020). Rapid production of SARS-CoV-2 receptor binding domain (RBD) and spike specific monoclonal antibody CR3022 in Nicotiana benthamiana. Sci. Rep. 10:17698. doi: 10.1038/s41598-020-74904-1

Ringe, R. P., Pugach, P., Cottrell, C. A., LaBranche, C. C., Seabright, G. E., Ketas, T. J., et al. (2019). Closing and opening holes in the glycan shield of HIV-1 envelope glycoprotein sosip trimers can redirect the neutralizing antibody response to the newly unmasked epitopes. J. Virol. 93:e1656-18. doi: 10.1128/JVI.01656-18

Rybicki, E. P. (2009). Plant-produced vaccines: promise and reality. Drug Discov. Today 14, 16–24. doi: 10.1016/j.drudis.2008.10.002

Saberianfar, R., Joensuu, J. J., Conley, A. J., and Menassa, R. (2015). Protein body formation in leaves of Nicotiana benthamiana: a concentration-dependent mechanism influenced by the presence of fusion tags. Plant Biotechnol. J. 13, 927–937. doi: 10.1111/pbi.12329

Saijo, Y., Tintor, N., Lu, X., Rauf, P., Pajerowska-Mukhtar, K., Häweker, H., et al. (2009). Receptor quality control in the endoplasmic reticulum for plant innate immunity. EMBO J. 28, 3439–3449.

Sainsbury, F., Thuenemann, E. C., and Lomonossoff, G. P. (2009). pEAQ: versatile expression vectors for easy and quick transient expression of heterologous proteins in plants. Plant Biotechnol J. 7, 682–693. doi: 10.1111/j.1467-7652.2009.00434.x

Schillberg, S., Raven, N., Spiegel, H., Rasche, S., and Buntru, M. (2019). Critical analysis of the commercial potential of plants for the production of recombinant proteins. Front. Plant Sci. 10:720. doi: 10.3389/fpls.2019.00720

Schoberer, J., Liebminger, E., Vavra, U., Veit, C., Grünwald-Gruber, C., Altmann, F., et al. (2019). The golgi localization of GnTI requires a polar amino acid residue within its transmembrane domain. Plant Physiol. 180, 859–873. doi: 10.1104/pp.19.00310

Shajahan, A., Supekar, N. T., Gleinich, A. S., and Azadi, P. (2020). Deducing the N- and O- glycosylation profile of the spike protein of novel coronavirus SARS-CoV-2. Glycobiology 30, 981–988. doi: 10.1093/glycob/cwaa042

Shin, Y. J., Castilho, A., Dicker, M., Sádio, F., Vavra, U., Grünwald-Gruber, C., et al. (2017). Reduced paucimannosidic N-glycan formation by suppression of a specific β-hexosaminidase from Nicotiana benthamiana. Plant Biotechnol. J. 15, 197–206. doi: 10.1111/pbi.12602

Shin, Y. J., Vavra, U., Veit, C., and Strasser, R. (2018). The glycan-dependent ERAD machinery degrades topologically diverse misfolded proteins. Plant J. 94, 246–259. doi: 10.1111/tpj.13851

Stadlbauer, D., Amanat, F., Chromikova, V., Jiang, K., Strohmeier, S., Arunkumar, G. A., et al. (2020). SARS-CoV-2 seroconversion in humans: a detailed protocol for a serological assay, antigen production, and test setup. Curr. Protoc. Microbiol. 57:e100. doi: 10.1002/cpmc.100

Starr, T. N., Greaney, A. J., Hilton, S. K., Ellis, D., Crawford, K. H. D., Dingens, A. S., et al. (2020). Deep mutational scanning of SARS-CoV-2 receptor binding domain reveals constraints on folding and ACE2 binding. Cell 182, 1295–1310.e20. doi: 10.1016/j.cell.2020.08.012

Stoger, E., Fischer, R., Moloney, M., and Ma, J. K. (2014). Plant molecular pharming for the treatment of chronic and infectious diseases. Annu. Rev. Plant Biol. 65, 743–768. doi: 10.1146/annurev-arplant-050213-035850

Strasser, R., Stadlmann, J., Schähs, M., Stiegler, G., Quendler, H., Mach, L., et al. (2008). Generation of glyco-engineered Nicotiana benthamiana for the production of monoclonal antibodies with a homogeneous human-like N-glycan structure. Plant Biotechnol. J. 6, 392–402.

Strasser, R., Stadlmann, J., Svoboda, B., Altmann, F., Glössl, J., and Mach, L. (2005). Molecular basis of N-acetylglucosaminyltransferase I deficiency in Arabidopsis thaliana plants lacking complex N-glycans. Biochem. J. 387, 385–391.

Stronge, V. S., Saito, Y., Ihara, Y., and Williams, D. B. (2001). Relationship between calnexin and BiP in suppressing aggregation and promoting refolding of protein and glycoprotein substrates. J. Biol. Chem. 276, 39779–39787. doi: 10.1074/jbc.M107091200

Sztain, T., Ahn, S. H., Bogetti, A. T., Casalino, L., Goldsmith, J. A., McCool, R. S., et al. (2021). A glycan gate controls opening of the SARS-CoV-2 spike protein. Biorxiv [Preprint]. doi: 10.1101/2021.02.15.431212

Vigerust, D. J., Ulett, K. B., Boyd, K. L., Madsen, J., Hawgood, S., and McCullers, J. A. (2007). N-linked glycosylation attenuates H3N2 influenza viruses. J. Virol. 81, 8593–8600. doi: 10.1128/JVI.00769-07

Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., McGuire, A. T., and Veesler, D. (2020). Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181, 281–292.e6. doi: 10.1016/j.cell.2020.02.058

Walls, A. C., Tortorici, M. A., Frenz, B., Snijder, J., Li, W., Rey, F. A., et al. (2016). Glycan shield and epitope masking of a coronavirus spike protein observed by cryo-electron microscopy. Nat. Struct. Mol. Biol. 23, 899–905. doi: 10.1038/nsmb.3293

Watanabe, Y., Allen, J. D., Wrapp, D., McLellan, J. S., and Crispin, M. (2020). Site-specific glycan analysis of the SARS-CoV-2 spike. Science 369, 330–333. doi: 10.1126/science.abb9983

Webster, G. R., Teh, A. Y., and Ma, J. K. (2017). Synthetic gene design-The rationale for codon optimization and implications for molecular pharming in plants. Biotechnol. Bioeng. 114, 492–502. doi: 10.1002/bit.26183

Yang, J., Wang, W., Chen, Z., Lu, S., Yang, F., Bi, Z., et al. (2020). A vaccine targeting the RBD of the S protein of SARS-CoV-2 induces protective immunity. Nature 586, 572–577. doi: 10.1038/s41586-020-2599-8

Yuan, M., Wu, N. C., Zhu, X., Lee, C. D., So, R. T. Y., Lv, H., et al. (2020). A highly conserved cryptic epitope in the receptor binding domains of SARS-CoV-2 and SARS-CoV. Science 368, 630–633. doi: 10.1126/science.abb7269

Zhang, Y., Zhao, W., Mao, Y., Chen, Y., Wang, S., Zhong, Y., et al. (2020). Site-specific N-glycosylation characterization of recombinant SARS-CoV-2 spike proteins. Mol. Cell Proteomics 20:100058. doi: 10.1074/mcp.RA120.002295


Conflict of Interest: EM is a named inventor on patent applications describing the use of chaperones to improve protein production in plants.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Shin, König-Beihammer, Vavra, Schwestka, Kienzl, Klausberger, Laurent, Grünwald-Gruber, Vierlinger, Hofner, Margolin, Weinhäusel, Stöger, Mach and Strasser. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
 published: 02 July 2021
 doi: 10.3389/fpls.2021.646425






[image: image2]

Comparative Label-Free Quantitative Proteomics Analysis Reveals the Essential Roles of N-Glycans in Salt Tolerance by Modulating Protein Abundance in Arabidopsis

Chuanfa Liu1,2, Guanting Niu1, Xiaowen Li1, Huchen Zhang1, Huawei Chen3, Dongxia Hou1, Ping Lan4* and Zhi Hong1*


1State Key Laboratory of Pharmaceutical Biotechnology, NJU Advanced Institute for Life Sciences (NAILS), School of Life Sciences, Nanjing University, Nanjing, China

2Institute for Advanced Studies, Wuhan University, Wuhan, China

3Research Center for Proteome Analysis, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China

4State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences (CAS), Nanjing, China

Edited by:
 Richard Strasser, University of Natural Resources and Life Sciences Vienna, Austria

Reviewed by:
 Klára Kosová, Crop Research Institute (CRI), Czechia
 Tong Zhang, Pacific Northwest National Laboratory (DOE), United States

*Correspondence: Zhi Hong, zhihong@nju.edu.cn 
 Ping Lan, plan@issas.ac.cn

Specialty section: This article was submitted to Plant Proteomics and Protein Structural Biology, a section of the journal Frontiers in Plant Science


Received: 26 December 2020
 Accepted: 02 June 2021
 Published: 02 July 2021

Citation: Liu C, Niu G, Li X, Zhang H, Chen H, Hou D, Lan P and Hong Z (2021) Comparative Label-Free Quantitative Proteomics Analysis Reveals the Essential Roles of N-Glycans in Salt Tolerance by Modulating Protein Abundance in Arabidopsis. Front. Plant Sci. 12:646425. doi: 10.3389/fpls.2021.646425
 

Many pieces of evidence show that the adaptive response of plants to salt stress requires the maturation of N-glycan on associated proteins. However, it is still little known about the salt-responsive glycoproteins that function in this process. In the present study, we identified salt-responsive glycoproteins in wild-type (WT) Arabidopsis and two mutants defective in N-glycan maturation, mns1 mns2 and cgl1. A total of 97 proteins with abundance changes of >1.5‐ or <0.67-fold were identified against salt stress by label-free liquid chromatography coupled mass spectrometry (LC-MS/MS) quantitative analyses. A comparison of differentially abundant glycoproteins (DAGs) indicated the substrate preferences regulated by MNS1/MNS2 and CGL1. In addition, the DAGs in mns1 mns2 hardly form functional regulatory networks in STRING analysis. Comparably, the regulatory network in cgl1 was visible and shared overlapping with that in WT. Such difference may supply the evidence to partially explain the lower salt sensitivity of mutant cgl1 than mns1 mns2. We further confirmed that two N-glycosylation clients, peroxidases PRX32 and PRX34, were involved in the salt stress response since the double mutants showed enhanced salt sensitivity. Together, our study provided proteomic evidence that N-glycans are crucial for modulating stress-responsive protein levels, and several novel glycoproteins responsible for salt stress tolerance in Arabidopsis were listed. Data are available via ProteomeXchange with identifier PXD006893.

Keywords: N-glycan, salt response, label-free mass spectrum, proteomics, Arabidopsis


INTRODUCTION

As sessile organisms, land plants often suffer from various stresses and adverse environments, such as extreme temperatures, drought, and high salinity. In agriculture, high salinity affects the geographical distribution of crops in nature and causes a large amount of yield loss (Qin et al., 2011; Zhu, 2016). Extensive studies have revealed that a variety of genes and/or pathways play synergistic roles in abiotic stress response in plants, and it is difficult to significantly improve plant resistance to external stress by modulating a single effective gene or protein.

Protein asparagine (Asn or N)-linked glycosylation is one of the most conserved co‐ and post-translational modification (PTM) in eukaryotic cells (Khoury et al., 2011; Moremen et al., 2012). After the tetradecyl glycan precursor, GlcNAc2Man9Glc3 (Glc for glucose, Man for mannose, and GlcNAc for N-acetylglucosamine) is transferred to selected Asn residue in the Asn-X-Ser/Thr motif (X can be any amino acid residue except Pro) on nascent polypeptide chains (Pless and Lennarz, 1977; Yan and Lennarz, 2002) by oligosaccharyltransferase complex (OST; Kelleher and Gilmore, 2006), the N-linked oligomannosidic glycans are further trimmed and modified in Golgi apparatus to synthesize mature N-glycans with the secretion of associated polypeptides or proteins (Lerouge et al., 1998; Nagashima et al., 2018). In Arabidopsis, the initial N-glycan processing events in the Golgi are catalyzed by two functionally redundant class I α-mannosidases (MNS1 and MNS2), which cleave three α-1,2-mannosyl residues to generate the substrate for CGL1/GnT1 (Liebminger et al., 2009; Kajiura et al., 2010; Supplementary Figure S1A). The GnT1/CGL1 catalyzes a GlcNAc addition required to remove two additional Man residues to add another GlcNAc, xylose, and fucose residues to form a complex N-glycan structure (Vonschaewen et al., 1993; Strasser et al., 1999).

In plants, N-glycosylation is involved in many biological processes, including ER-quality control of steroid hormone receptor (Jin et al., 2007; Hong et al., 2008), gametophyte recognition (Lindner et al., 2015; Muller et al., 2016), subcellular transport (Rips et al., 2014; Shen et al., 2014), plant innate immunity (Li et al., 2009; Nekrasov et al., 2009; Haweker et al., 2010; Xia et al., 2020), and stomatal development (Jiao et al., 2020) by regulating the stability, function, or sub-localization of the substrate protein. Moreover, several studies also establish the association of N-glycosylation with salt tolerance in Arabidopsis (Koiwa et al., 2003; Kang et al., 2008; Nagashima et al., 2018). Of note, the failure of complex N-glycan biosynthesis leads to the salt sensitivity of Arabidopsis seedlings (Frank et al., 2008; Kang et al., 2008; Strasser, 2016; Liu et al., 2018). Intriguingly, when focusing on two Arabidopsis mutants, mns1 mns2 (disrupted in Golgi MNSI) and cgl1-3 (defected in GnTI/CGL1), in both of which glycoproteins harbor high mannose type N-glycans, we find that two mutants show a different degree of salt sensitivity (Liu et al., 2018). Although an increasing number of N-glycosylation-related mutants have been identified and show changes in response to salt stress (Strasser, 2016), yet it is still less known on the underlying molecular mechanism, mainly due to the lack of understanding of salt stress-responsive glycoproteins. Large-scale screening and identification of N-glycosylated sites and N-glycopeptides are now available (Zielinska et al., 2010; Stadlmann et al., 2017). A quantitative N-glycoproteomic pipeline has been established, and N-glycosylation signatures of different cell populations, including cancer cells, were recently reported for better stratification of cancer patients (Boyaval et al., 2020; Fang et al., 2020). N-glycoproteomes of insects are attracting scientists for pest control (Scheys et al., 2018). Inflorescence tissue-specific N-glycopeptides (Xu et al., 2016) and cold stress-regulated glycoproteins (Ma et al., 2016) are also resolved by mass spectrum (MS).

To explore the molecular mechanism of protein N-glycosylation regulating the salt stress response, we performed a label-free proteomic analysis utilizing nanoflow liquid chromatography coupled MS (nanoLC-MS/MS) and comparatively analyzed the proteome profiles between wild-type (WT) and two mutants against salt stress. We also confirmed that two differentially abundant peroxidases, PRX32 and PRX34, were N-glycosylation substrates and function redundantly in salt tolerance by root growth assay and hydrogen peroxide (H2O2) measurement.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The Arabidopsis thaliana WT was the Col-0 ecotype. The mutant lines mns1 (SALK_076002), mns2 (SALK_023251), prx32 (SALK_072340), prx34 (SALK_051769), and cgl1-3 (CS16367) mutant were purchased from ABRC (Arabidopsis Biological Resource Center at The Ohio State University). Double mutant mns1 mns2 was described previously (Liu et al., 2018), and prx32 prx34 was generated by cross prx32 with prx34 single mutant. Seed sterilization and plant growth conditions were described previously (Li et al., 2001).



Salt Treatment

The Arabidopsis seeds were surface-sterilized and sown on half-strength Murashige and Skoog (MS) solid medium [2.2 g dm−3 MS salts (Duchefa, BH Haarlem, The Netherlands), 10 g dm−3 sucrose, and 3 g dm−3 Gelrite (Duchefa, BH Haarlem, The Netherlands), pH 5.7–5.9]. After cold treatment at 4°C for 2 days, the plates were placed in a 22°C growth chamber with 16-h light/8-h dark photoperiod for 12 days, and then cultured in 1/2 MS liquid medium or 1/2 MS medium containing 200 mM NaCl for 6 h, respectively. For MS analysis, the seedlings were collected and weighed to ensure that each sample was more than 2 g.



Protein Extraction, Endo H Digestion, and Immunoblot Analysis

The plant materials including Arabidopsis seedlings and tobacco leaves were ground into fine powder in liquid N2 and added same volume of SDS loading buffer [125 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 100 mM DTT, and 0.002% (w/v) bromophenol blue]. The extracts were thoroughly mixed by vortex and maintained on ice for 10 min. After heated at 95°C for 5 min, the mixture was centrifuged for 5 min at 16,000 g. The supernatant was treated with or without Endo Hf (New England Biolabs) treatment for 1.5 h at 37°C. Samples were then separated by 10 or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The total proteins from the supernatants were separated by 10% SDS-PAGE. The immunoblot analyses were performed with primary antibodies, including anti-BRI1 (Mora-Garcia et al., 2004), anti-RSW2 (Liu et al., 2018), and HRP-conjugated goat anti-rabbit IgG secondary antibody (Promega). For PRX32-HA or PRX34-HA detection, immunoblot analyses were performed with peroxidase-conjugated anti-HA antibodies (Sigma). The protein signals were detected with enhanced chemiluminescence Immobilon Western HRP Substrate (Millipore) or SuperSignal West Pico PLUS substrate kit (Thermo) by a CCD imager (Tanon).



Protein Preparation for MS Analysis

Total proteins were extracted with the modified trichloroethanoic acid (TCA) method described previously (Isaacson et al., 2006). Briefly, plant materials were ground into fine powder in liquid nitrogen and then lysed in 40 ml of cold TCA/acetone (v/v = 1/9, containing 65 mM DTT) solution, incubated at −20°C overnight. After centrifugation at 4°C at 10,000 g for 45 min, the supernatant was discarded, and the pellet was resuspended in 25 ml cold acetone. After centrifuged at 10,000 g for 45 min at 4°C again, the pellet was washed twice with cold acetone and dried in air. A total of 400 μl of UA buffer (8 M Urea, 150 mM Tris-HCl, pH 8.0) was used to dissolve the pellet before sonication. Finally, the supernatant was collected by centrifugation at 14,000 g for 30 min. Protein concentrations were determined by Bradford assay using bovine serum albumin as a standard (Bradford, 1976). The quality of the protein preparation was further evaluated by SDS-PAGE and visualized by Coomassie Brilliant Blue R-250 staining.



Protein Digestion and LC-MS/MS Analysis

An aliquot of 400 μg of protein was digested according to the filter aided sample preparation (FASP) procedure (Zielinska et al., 2010). After adding 30 μl of SDT buffer (4% SDS, 100 mM Tris-HCl, 100 mM DTT, pH 7.6), the clear supernatants obtained from the above procedure were boiled for 10 min to 30 kDa ultrafiltration units (Wisniewski et al., 2011). Filters were rinsed three times with 200 μl of UA buffer (8 M Urea, 150 mM Tris-HCl, pH 8.0) and then incubated in UA buffer with the addition of 100 μl 50 mM iodoacetamide for 30 min in the dark. Subsequently, the filters were washed three times with 100 μl UA buffer and 100 μl 40 mM ammonium bicarbonate, respectively. Next, the proteins were digested with 8 μg trypsin at 37°C. After 16 h incubation, peptides were eluted and transferred to a new 30 kDa filtration unit. A total of 50 μl lectin mixture containing ConA (Sigma, United States), WGA (Sigma, United States), and RCA120 (Sigma, United States; 125 μg each) were added to the top of the filters. After incubation for 1 h, 25 mM NH4HCO3 in H218O was used to wash unspecific peptides (Cambridge Isotope Laboratories, United States) twice. Deglycosylation with PNGase F (Roche, Switzerland) was performed in H218O at 37°C for 3 h. Within H218O, the deamidation conversion from Asn to Asp has a 2.9890 Da increase in molecular weight, which is the signature that distinguishes N-glycosylated peptides from O-glycosylated ones and those peptides that are not modified endogenously but survive the enrich anyway.

The deglycosylated peptides were desalted and isolated using nanoliter flow rate capillary high-performance liquid chromatography (HPLC) Easy-nLC. The following gradient was used for the mobile phases [A, 0.1% formic acid acetonitrile aqueous solution (2% acetonitrile); B, 0.1% formic acid acetonitrile aqueous solution (84% acetonitrile)]: 0–45% of B over 0–100 min; 45–100% of B over 100–108 min; and 100% of B over 108–120 min. Purified peptide mixtures were analyzed by mass spectrometry using a Q-Exactive mass spectrometer (Thermo Fisher Scientific, United States). Precursor MS scans were acquired with a resolution of 70,000 at m/z 200. Ten most intense ions were fragmented by higher-energy collisional dissociation (HCD) in the quadrupole collision cell. The HCD fragment ion spectra were acquired in the orbitrap with a resolution of 17,500 at m/z 200. The following conditions were used: automatic gain control (AGC) target: 3e6, maximum ion accumulation times of 20 ms for full scans, and 60 ms for HCD.



Data Analysis

MS RAW data were searched against the TAIR10 protein database (Lamesch et al., 2012) in MaxQuant_1.3.0.5. The search followed an enzymatic cleavage rule of Trypsin/P and allowed a maximum of two missed cleavage sites and a peptide mass tolerance of 10 ppm. Carbamidomethylation of cysteine was defined as fixed modification, whereas protein N-terminal deamidation and methionine oxidation were defined as variable modifications for the database searches. The site false discovery rate (FDR) for peptide ≤0.01 (Zielinska et al., 2012). Label-free quantification was carried out using the MaxQuant software as described previously, and the intensity-based absolute quantification (iBAQ) of the identified peptides was selected to quantify protein abundance (Cox and Mann, 2008).



Experimental Design and Statistical Rationale

For label-free quantitative analyses, all six biological samples were analyzed with three replicates. N-glycopeptides identified in two or more independent analyses were accepted to quantify the abundance of the N-glycopeptide. The abundance changes of unique peptides were set to represent the corresponding glycoprotein profile in response to salt stress. In the case of more than one unique peptide were detected within a glycoprotein, the abundance was presented as an average value.



Bioinformatic Analysis

Candidate genes were classified with the online servers Agrigo (Du et al., 2010).1 Protein pathway analysis was performed using KEGG.2 The protein–protein interaction was analyzed with STRING.3



Root Growth Assay

Experiment procedures were as described previously (Kang et al., 2008). Briefly, surface-sterilized seeds were sown on cellophane membrane and placed on MS agar medium (4.4 g dm−3 MS salts, 30 g dm−3 sucrose, and 16 g dm−3 agar, pH 5.7–5.9). After cold treatment at 4°C for 2 days, the plates were incubated at 22°C for 3 days, and then seedlings together with the cellophane membrane were transferred to MS medium or MS medium supplemented with 160 mM NaCl for another 9 days. The seedlings were photographed with a Canon G12 digital camera, and root lengths were measured by ImageJ software.4



Reverse Transcription-PCR and Quantitative Real-Time PCR

Two-week-old WT, prx32, and prx34 mutant seedlings were collected for genotyping by reverse transcription-PCR (RT-PCR). Salt-treated samples were harvested for PRX32 and PRX34 gene expression analysis by quantitative real-time PCR (qPCR). Plant materials were extracted by Trizol (Invitrogen, United States), 1 μg total RNA from each sample was used to synthesize cDNA by PrimeScript 1st Strand cDNA Synthesis kit (Takara, Japan). qPCR was performed in triplicate using the LightCycler® 96 System (Roche Life Science) with SYBR green mix (TaKaRa). Gene expression of Actin2 was selected as an internal reference. The primers used for transcript amplification were listed as follows, ACT2-F (5'-GCCATCCAAGCTGTTCTCTC-3') and ACT2-R (5'-GCTCGTAGTCAACAGCAACAA-3') for Actin2, PRX32-F1 (5'-CTTCACTCTCCCACAACT-3') and PRX32-R1 (5'-TCGACCACATCATGTAGCA-3') for PRX32, and PRX34-F2 (5'-GTTGGTCTCGATCGTCCT-3') and PRX34-R2 (5'-ATGGAGCAGAGAGTTGGA-3') for PRX34.



Transient Expression of PRX32 and PRX34 Proteins and Tunicamycin Treatment

To generate PRX32 and PRX34 protein expression cassettes, the full-length coding sequences of PRX32 and PRX34 with 1× HA tag at C-terminus were obtained by PCR using cDNA from WT plant as a template with following primers, PRX32-F (5'-TCCCCCGGGCTGCAGGAATTCATGAATTTCTCTTATTCTTCCTTGT-3') and PRX32-R (5'-GATAAGCTTGATATCGAATTCAGCGTAATCTGGAACATCGTATGGGTACATAGAGCTGACAAAGTCAACGA-3'), PRX34-F (5'-TCCCCCGGGCTGCAGGAATTCATGCATTTCTCTTCGTCTTCAACA-3') and PRX34-R(5'-GATAAGCTTGATATCGAATTCAGCGTAATCTGGAACATCGTATGGGTACATAGAGCTAACAAAGTCAACGA-3'). The PCR products were cloned into binary vector pQG110 via Gibson Assembly (NEB). The resulted constructs were transformed to Agrobacterium tumefaciens GV3101. The bacteria were cultured, collected, and suspended in IFB buffer [0.5% (w/v) Glucose, 10 mM MgCl2, 10 mM MES, and 150 mM acetosyringone, pH 5.7] at 0.5 OD600. The bacterial mixture was then infiltrated into tobacco Nicotiana benthamiana leaves using a syringe. The injected plants were cultured for 30–48 h before harvesting for protein extraction. For tunicamycin treatment, 5 μM tunicamycin (Sigma) solution was injected into the same infiltration areas 12 h before harvest.



H2O2 Detection by DAB Staining

3,3'-Diaminobenzidine (DAB) staining was conducted as described previously (Daudi and O’Brien, 2012) with modifications. In brief, 2-week-old seedlings were cultured in 1/2 MS liquid medium containing 0 or 200 mM NaCl for 6 h, respectively. Seedlings were then washed with ddH2O three times before adding 5 ml of fresh 0.1% (w/v) DAB in 10 mM Na2HPO4 solution. After gently vacuum for 5 min to infiltrate the leaves, samples were incubated on a laboratory shaker for 4–5 h at 80–100 rpm in the dark. The chlorophyll was carefully bleached by boiling for 15 min before recording the staining results. H2O2 contents were quantified by grayscale analysis in ImageJ software.




RESULTS


Identification of Glycosylated Peptides and Proteins Using LC-MS/MS

Two mutants mns1 mns2 and cgl1-3, together with the WT, were employed for comparative analyses. In both mns1 mns2 and cgl1-3 mutants, complex N-glycan modification was blocked. Therefore, glycoproteins were decorated with oligomannosidic N-glycans. This feature facilitates the enrichment of glycopeptides by lectins more efficiently (Zielinska et al., 2010; Song et al., 2011). The workflow for label-free quantitative N-glycoproteomic analysis and the principle for N-glycosites identification was shown (Figures 1A,B). The NaCl concentration and treatment duration were optimized by phenotype observation and protein abundance measurements (Figure 1C). Eventually, 200 mM NaCl for 6 h was used as the salt treatment condition. We also detected the band shifts of two glycoproteins BRI1 and RSW2 against Endo H treatment to assess if the salt treatment would block the N-glycan structure under such conditions. The results showed that the digested band patterns of two proteins did not change either in the WT or in the mutant background before and after salt treatment (Figure 1D), indicating that salt treatment had no significant effect on the structure of N-glycan, thus excluding the possible effect of N-glycan structural changes on protein enrichment in our study. After proteins were extracted, denatured, and digested with trypsin, the N-glycopeptides were enriched using FASP-based multiple lectins approach (Zielinska et al., 2010). To capture all three classes of high-mannose, hybrid, and complex types of N-glycosylated peptides (Supplementary Figure S1A), multi-lectin enrichment was employed. Multiple lectins were composed of concanavalin A (ConA), wheat germ agglutinin (WGA), and castor lectin RCA120, which bound mannose, N-acetylglucosamine, and galactose residues, respectively, on N-glycans (Supplementary Figure S1B). We first examined LC-MS/MS performance and the quality of the dataset. Pearson correlation analysis showed that the intensities of N-glycopeptides in three replicates for each Arabidopsis line, either with or without salt treatment, were highly correlated (r = 0.646–0.931; Supplementary Figure S2). We also assessed the number of identified N-glycopeptides and N-glycoproteins and found that more than half of N-glycopeptides were identified from three (40.45–57.27%) or two (57.30–80.77%) independent experiments (Supplementary Figure S3). These results showed that the N-glycoproteomic data were suitable for further analysis.
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FIGURE 1. Schematic workflow of the experimental procedure. (A) A summary of the experimental design. Two-week-old seedlings were treated without (control) or 200 mM NaCl treatment (NaCl) for 6 h. Then, the total protein was extracted and digested into peptides using the filter aided sample preparation (FASP) method. N-glycopeptides were enriched by multiple mixed lectins and resolved by liquid chromatography coupled mass spectrometry (LC-MS/MS) after PNGase F digestion. The raw MS files were processed by MaxQuant. Three biological repeats were conducted. (B) Illustration of de-glycosylation of N-glycopeptides in H218O by PNGase F. In the presence of H218O, the conversion from Asn to Asp had a 2.9890 Da increase in molecular weight. (C) Detection of total protein abundance after salt treatment for different lengths of time. Two-week-old wild-type (WT) seedlings were treated in 200 mM NaCl for 0, 4, 6, 8, or 12 h. Total proteins were extracted and separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. Gels were stained by Coomassie Brilliant Blue R-250 (CBB). (D) N-glycan structure analyses by Endo H digestion. Total proteins were extracted from control and salt-treated seedlings. After Endo H digestion, the proteins were separated on 10% SDS-PAGE and used anti-BRI1 and anti-RSW2 antibodies to analyze protein-associated N-glycan. CBB staining was shown as a loading control.


A total of 727 glycosylation sites from 632 glycosylated polypeptides were identified, corresponding to 371 glycoproteins. Most N-glycosylation sites exhibited canonical N-X-S/T motif sequences (Figures 2A,B). The number of identified N-glycoproteins varied among samples. In control groups, 311 glycoproteins were identified in mns1 mns2, and 300 glycoproteins were identified in the cgl1-3 mutant, while only 203 were identified in the WT (Figure 2C). Different glycoproteins would be enriched despite the use of saturated multiple lectins, e.g., ConA bound more proteins from mns1 mns2 and cgl1 than the WT. Similarly, PNGase F was less effective on N-glycans from the WT. Therefore, in the WT, the reduced N-glycoproteins might be because the glycoproteins carrying complex N-glycans were less enriched than those with high mannose type N-glycans in the mutants. However, in the presence of high salinity, the number of glycoproteins detected in the WT slightly increased (from 203 to 244) but decreased in both mns1 mns2 (from 311 to 297) and cgl1-3 (from 300 to 263; Figure 2C). One possibility is that the abundance of glycoproteins in response to salt stress was modulated by the attached N-glycan structure and maturation failure of N-glycans destabilized the associated glycoprotein under salt stress, which corresponded to previous studies in which the maturation of N-glycans was essential for plants to tolerate salt stress.
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FIGURE 2. An overview of identified N-glycosylated motifs, peptides, and proteins. (A) Representative MS/MS spectrum of the peptide NVDFSNNNLSGR of the EF-Tu receptor (EFR). The 2.9890 Da mass increment of deamidation is indicated by a bold italic N. (B) Consensus sequence of identified N-glycosylation sites. Multiple glycosylated sequence motifs were analyzed, and relative frequency plots are shown. Of the total 727 sequence motifs, 74 are noncanonical motifs with an occurrence of <20 each. (C) Statistics of identified N-glycosites, N-glycopeptides, and N-glycoproteins by three replicates in six sample groups.




Characterization of Identified Glycoproteomes by GO Annotation

The function of identified N-glycoproteins was analyzed by gene ontology (GO) annotation from the following aspects: the participation of biological processes (BPs), molecular function (MF), and cell components (CCs; Ashburner et al., 2000). In general, the identified N-glycoproteins were involved in various BPs, including protein and carbohydrate metabolic processes, anatomical structure morphogenesis, photosynthesis, cellular development process, regulation of cell size, and stress response. For CC, the subcellular locations of identified proteins were in line with the expectation; the proteins were mainly secretory or membrane proteins and were distributed in the extracellular and endomembrane, including the endoplasmic reticulum (ER), Golgi apparatus, and vacuole, most of which undergo N-glycosylation. MF analysis showed that the identified N-glycosylated proteins were concentrated in catalytic, hydrolase, transferase, and kinase activities (Supplementary Figure S4). We further compared the glycoproteome profiles of the WT, mns1 mns2, and cgl1-3 between the salt treatment and corresponding control group. The results showed no significant difference in enriched GO items under salt stress (Supplementary Table S1). However, we found that more glycoproteins were detected in mns1 mns2 and cgl1-3 mutants than in the WT, which were mainly enriched in kinase and transferase activities (Supplementary Table S1), inferring that some kinases and transferases are significantly affected by the associated N-glycan structures under salt stress.



Global Changes of Protein Abundance in Response to Salt Stress

To further evaluate the effects of N-glycans on salt stress-responsive glycoproteins, we quantitatively compared the alterations of the N-glycoproteome. We set a threshold of protein abundance change to 1.5-fold, meaning that a protein with an abundance ≤0.67‐ or ≥1.5-fold after salt treatment was regarded as a salt responsive protein. In the WT, 37 of 141 proteins were quantified as salt responsive, of which 32 proteins increased by more than 1.5-fold and five proteins decreased to less than 0.67-fold. In mutants, the abundance of 45 of 236 glycoproteins in mns1 mns2 changed, of which 33 proteins accumulated and 12 proteins were decreased. Similarly, the abundance of 42 of 207 glycoproteins was changed in cgl1-3, of which 13 members were increased, and most members were decreased (Table 1). These analyses showed that the abundance of most salt-responsive proteins was increased in the WT compared to the mutants, particularly in cgl1-3, in which most glycoproteins were decreased. We also made a qualitative comparison between control and NaCl-treated samples. We defined a peptide/protein with quantitative values as presence, and otherwise, it was regarded as an absence. Pairwise analyses showed that three proteins (Glycosyl hydrolase family protein, BGLU34, EBP1) were exclusively detected in the WT control group, while eight proteins of the 11 exhibiting catalytic activity were only detected in the salt-treated WT. Similarly, eight proteins were only detected in the mns1 mns2 control group, and nine unique proteins, including BGLU24, FUC1, LYM1, IAR3, VSP2, sks3, PAP17, and two unknown proteins, were detected in salt-treated mns1 mns2; meanwhile, 21 proteins only presented in the cgl1-3 control group and, most of which were involved in the carbohydrate metabolic process (Supplementary Table S2). Eight proteins were affected in the same way in both mutants: the abundance of HBP1, GLP10, FLA9, and PRX34 increased, while STT3A, XXT5, AT1G59970, and RHS19 decreased in both cgl1-3 and mns1 mns2. In addition, three proteins, BGLU44, SCPL46, and PAP2, increased in mns1 mns2 but decreased in cgl1-3. NAI2 was decreased in mns1 mns2 but increased in cgl1-3 (Table 2). In addition, there were more differentially abundant glycoproteins (DAGs) exclusively detected in mns1 mns2 or cgl1-3 (Table 2). In conclusion, although the variation trends of DAGs in mns1 mns2 and cgl1-3 were similar, they were also different, which may provide clues to explain the different salt responses between the two mutants.



TABLE 1. Statistical analysis of differentially abundant N-glycopeptides and N-glycoproteins in response to salt stress.
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TABLE 2. Differentially abundant glycoproteins were identified in the WT, mns1 mns2, and cgl1-3 in response to salt stress.
[image: Table2]



Salt Responsive Glycoproteins Are Differentially Abundant in mns1 mns2 and cgl1 Mutants

The integral GO analysis of DAGs demonstrated that biological processes containing carbohydrate metabolic process, response to stress, and cellular component organization were modulated for salt tolerance (Supplementary Table S3). We further analyzed the biological functions of DAGs under salt stress in GO annotation and KEGG metabolic pathways. Consistent with the aforementioned results (Figure 2C), more decreased glycoproteins were observed in the two mutants, especially in cgl1-3 (143 vs. 67 in mns1 mns2; Figures 3A–C; Table 1). Notably, hydrolase activity was enriched in both mns1 mns2 and cgl1-3 mutants compared with the WT (Figures 3D–F). Next, we aligned the DAGs from the WT, mns1 mns2, and cgl1-3 with p < 0.05, and the abundance changes of the shared proteins were analyzed individually (Table 2). Under salt stress, the abundance of STT3A (OST Subunit), purple acid phosphatase 2 (PAP2), and germin-like protein 10 (GLP10) in the WT and two mutants changed, which are involved in the glycan chain transfer in the ER, root growth, and carbon metabolism, respectively (Figure 3D). STT3A increased in the WT but decreased in mns1 mns2 and cgl1-3; PAP2 increased in the WT and mns1mns2 but decreased in cgl1-3, and GLP10 increased in all three samples (Table 2). The commonly changed DAGs between the WT and cgl1-3 were stress response proteins (EBS1, GAPA, and KORRIGAN/RSW2) and active catalytic proteins (EBS1, BGAL8, PSBB, GAPA, KORRIGAN/RSW2, and BGAL10). Comparably, those DAGs related to the glycosyl compound catabolic process (BGLU18, FCLY, and ESM1) were changed in both WT and mns1 mns2. The DAGs shared by mns1 mns2 and cgl1-3 were mostly located in the membrane and cell wall (XXT5, HBP1, FLA9, BGLU44, and SCPL46; Table 2; Figure 3D). The further molecular functional analysis found that hydrolase activity was enriched in mns1 mns2 and cgl1-3 compared with the WT (Figures 3E,G), and most of them participated in cell wall biosynthesis and modification (Table 2), indicating that cell wall integrity and/or composition are crucial for salt tolerance. In addition, the DAGs in mutants had a broader distribution, including the Golgi apparatus, endosome, ER, vacuole, cell membrane, and extracellular regions. In the WT, the DAGs were most prevalent in the cytoplasm and endomembrane systems. The biological process of proteins identified in the WT was significantly enriched in response to stress and organic substances, while most DAGs from the mutants were related to the carbohydrate metabolic process (Figure 3G). These results suggested that salt-responsive glycoproteins in mns1 mns2 and cgl1-3 mutants cannot respond to stress correctly, which may be due to the lack of correct N-glycan modification, resulting in their abnormal subcellular localization.
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FIGURE 3. Gene ontology (GO) annotations of differentially abundant N-glycoproteins under salt stress. (A–C) Identification of differentially abundant N-glycoproteins in the WT (A), mns1 mns2 (B), and cgl1-3 (C) under salt stress. Each dot represents one protein. The blue horizontal bar represents the threshold value of p (≤0.05). The red dots represent PRX32 and PRX34. (D) Venn diagram demonstrating the overlap in the number of salt stress-responsive glycoproteins in the WT, mns1 mns2, and cgl1-3. Three common proteins quantified in the WT and two mutants are presented as green dots in (A–C). (E–G) GO analyses of salt stress-responsive proteins in the WT (E), mns1 mns2 (F), and cgl1-3 (G). Significantly enriched GO terms are marked on the diagram. CA, catalytic activity; HA, hydrolase activity; PA, phosphorylating activity; GA, glucosidase activity; RtO, response to organic substance; RtS, response to stress; RtERS, response to ER stress; CMP, carbohydrate metabolic process; CP, catabolic process; EMO, extracellular matrix organization.


Two members from the class III peroxidase family identified in the DAGs, PRX32 (At3g32980) and Peroxidase 34 (PRX34, At3g49120). The protein abundance of neither PRX32 nor PRX34 was significantly changed in the WT under salt stress (Supplementary Table S5). However, both PRX32 and PRX34 were significantly increased in the cgl1-1 mutant by more than 2-fold (p = 0.011429) and 1.3-fold (p = 0.014898), respectively. Interestingly, in the mns1mns2 mutant, only PRX34, the more abundant protein, displayed a 1.3-fold increase (p = 0.018209; red point in Figures 3A–C; Supplementary Table S5). We reasoned that the absence of N-glycan modification may affect the functions of PRX proteins in the mutants, and the increase of protein abundance may be due to the feedback regulation under salt stress. While the different changes of the two proteins probably contribute to the difference in salt tolerance between mns1 mns2 and cgl1-3.

KEGG pathway analysis of DAGs showed that proteins processing in the ER, biosynthesis of secondary metabolites, plant-pathogen interactions, N-glycan biosynthesis, and photosynthesis were influenced by salt stress in the WT and mutants (Supplementary Figure S5). However, mns1 mns2 mutations mainly affected glycolysis/gluconeogenesis, biosynthesis of antibiotics, tryptophan metabolism, terpenoid backbone biosynthesis, and carotenoid biosynthesis. In contrast, in the cgl1-3 mutant, plant hormone signal transduction, carbon metabolism, carbon fixation in photosynthetic organisms, ascorbate, aldarate metabolism, and microbial metabolism in diverse environments were predominantly enriched (Supplementary Table S4). Taken together, these results suggested that N-glycan modification mediated by MNS1/MNS2 and CGL1 may have different influences on salt-responsive glycoproteins to adapt to salt stress.



Protein–Protein Interaction Network Analysis by STRING

N-glycoproteins include many secretory and membrane-bound proteins involved in the intracellular networks and intercellular communications of plant development and adaptive responses to stress. After identifying salt-responsive N-glycoproteins, we evaluated the possible regulatory network among them using the STRING server.5 We classified the identified proteins into two groups, increased and decreased under salt stress. In the WT, the increased proteins contained multiple molecular chaperones (PDIL1-3, PDIL1-3, and EBS1) and oligosaccharyltransferase subunits [STT3A, STT3B, At2g01720 (OST1A), At1g76400 (OST1B), HAP6, DGL1, and At1g61790 (OST3/6)] and present a close interaction for N-glycosylation, protein folding, and ER quality control (Figure 4A). In the decreased group, only several proteins related to the Calvin cycle and light reaction were illustrated (Figure 4B). In comparison, the DAGs in mns1 mns2 hardly formed functional regulatory networks. This might be caused by decreased protein stability or abundance and made the detected proteins more dispersed (Figures 4C,D). In the cgl1 mutant, the networks were still visible in the phosphorylation pathway by increased proteins (Figure 4E) and N-glycosylation biogenesis, cell wall organization, and light reactions by decreased proteins (Figure 4F). Although the changing trend of DAGs was slightly different from those in the WT, the regulatory network in cgl1 was still detectable (Figure 4F). We also found several DAGs involved in oxidative stress response, including PRX32, PRX34, GGAT1, and RHS19 (Figures 4E,F), indicating that the peroxidase members responsible for cellular hydrogen peroxide clearance orchestrated with others to withstand salt stress.
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FIGURE 4. Protein interaction network analysis using the STRING database. Interaction network of differentially abundant glycoproteins (DAGs) was performed with the STRING system (https://string-db.org) based on known and predicted interactions. Protein–protein interactions among increased (red points) and decreased (green points) proteins in the WT (A,B), mns1 mns2 (C,D), and cgl1-3 (E,F) were analyzed separately. Lines of different font-weight represent different types of evidence for the associations. The dotted circles highlight the involved biological processes. Red circles are proteins associated with the oxidation-reduction process. Proteins without interactions are not shown.




Biological Validation of Quantitative Proteomics Results

To verify if the DAGs identified by the MS reflect the physiological responses of plants to salt stress, we select the candidate proteins for further validation. The GO functional analysis indicated that peroxidase directly or indirectly participated in the salt response (Table 2; Figure 4). The protein abundance of two peroxidases, PRX32 and PRX34, significantly increased in the salt stress-sensitive cgl1 mutant (Table 2; Supplementary Table S5). These two proteins are predicted harboring signal peptides and more than five potential N-sites with the NetNGlyc server (Figure 5A).6 We transiently expressed PRX32 and PRX34 in tobacco leaves in the absence or presence of tunicamycin, an N-glycosylation inhibitor. As shown in Figure 5B, the obvious accumulations of under-glycosylated forms of PRX32 and PRX34 were observed from recombinant PRX32-HA and PRX34-HA proteins. Similarly, after digestion with glycosidase Endo H, the band shifts and the accumulation of deglycosylated PRX32-HA proteins were detected (Figure 5C), implying that both proteins were N-glycosylated in vivo and their abundances were regulated by associated N-glycan. To further test if PRX32 and PRX34 were salt-responsive genes, qPCR analyses were performed. The basal expression level of PRX32 was low, and no obvious response to salt stress in WT and mutants was detected. By comparison, PRX34 was significantly upregulated against salt stress in mns1 mns2 and cgl1 mutants (Figures 5D,E). We also used Arabidopsis T-DNA insertional lines to test the response of prx32 and prx34 to high salinity. The T-DNA insertion of both lines laid in the 5'-untranslated region (UTR; Figure 6A), and semi-quantitative RT-PCR confirmed no detectable transcripts from prx32 and prx34 mutants either (Figure 6B). The single mutant of prx32 and prx34 displayed similar primary root length as WT under salt stress. However, the double mutations of prx32 prx34 were obviously sensitive to salt treatment, showing a further reduction in root length compared to the WT (p = 0.0009, n > 20; Figures 6C,D), suggesting that these two proteins might have overlapping effects on root growth under salt stress. In addition, DAB staining was conducted to explore whether the activity of PRX32 and PRX34 was relevant to the salt stress response. Agreed with a previous study that PRX34 functions in an apoplastic oxidative burst (O’Brien et al., 2012), H2O2 production induction by salt stress decreased prx34, prx32, and prx32 prx34 double mutants as well (Figures 6E,F). These results suggested the crucial roles of two functionally redundant PRX proteins in the salt response. PRX32 and PRX34 belong to the class III peroxidase (PRX) multigene superfamily, containing 73 encoding genes in Arabidopsis (Valerio et al., 2004); however, their biological functions remain largely unknown. It is possible that more PRX proteins were involved in the salt response. In addition, the results suggested that the identified DAGs are potential biologically functional salt-responsive glycoproteins.
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FIGURE 5. PRX32 and PRX34 are N-glycosylated, and their expressions are responsive to salt stress. (A) Prediction of N-glycosylation sites and signal peptides in PRX32 and PRX34. (B) N-glycosylation analysis of PRX32 and PRX34 proteins by tunicamycin treatment. PRX32-HA and PRX34-HA were transiently expressed in tobacco leaves in the absence or presence of tunicamycin and analyzed by immunoblots using anti-HA antibodies. g1 and g2 indicated two glycosylated bands; p1 and p2 represented two non-glycosylated bands. Ponceau S staining served as a loading control. The molecular weights of PRX32 and PRX34 are both 39 kD. (C) N-glycan analysis of PRX32 by Endo H digestion. The recombinant protein PRX32-HA was transiently expressed in tobacco leaves. After digested with glycosidase Endo Hf, the total proteins were separated on SDS-PAGE and detected with anti-HA antibodies. Ponceau S staining served as a loading control. (D,E) Quantitative real-time PCR (qPCR) analysis of gene expression in response to salt stress. Total RNAs were extracted from 2-week-old seedlings treated with or without salt stress described in Figure 1. The expression levels of PRX32 (D) and PRX34 (E) were analyzed by qPCR. **Indicates a significant difference at p < 0.001.
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FIGURE 6. PRX32 and PRX34 are required for root growth under salt stress. (A) T-DNA insertion sites of prx alleles. Gray boxes represent exons and are linked with introns (lines). The open boxes denote untranslated regions (UTR). The location of the T-DNA insertion site in each mutant line is marked as a red triangle. A bar with an arrow from 5' to 3' representing 0.2 kb length is shown. (B) Reverse transcription-PCR (RT-PCR) analyses of PRX32 and PRX34 gene expression. Two-week-old Arabidopsis seedlings were used for RNA extraction, and the transcript of Actin2 was amplified as an internal control. (C) Root growth phenotypes against salt treatment. Five-day-old seedlings were transferred to MS medium supplemented without (mock) or NaCl to grow for 9 days before taking photos. Bar = 0.5 cm. (D) Statistics analysis of root length. The root length shown in (C) was statistically analyzed. The primary root length of the WT (mock) was set as 100%, and relative values were shown. **Indicated a significant difference from the value of the WT (NaCl) with p < 0.001, n > 20 (Student’s t-test). (E) Reactive oxygen species (ROS) production analysis by 3,3'-Diaminobenzidine (DAB) staining. Two-week-old seedlings were transferred to liquid Murashige and Skoog (MS) medium supplemented without (mock) or 200 mM NaCl to grow for 6 h before staining. (F) Statistics analysis of DAB staining. The measurement was performed in ImageJ software. The value of WT (mock) was set as 1.0, and relative values were shown. * and *** indicated significant differences at p < 0.01 and p < 0.0001, respectively (both n > 10, Student’s t-test).





DISCUSSION

In the current study, we conducted an MS-based label-free proteomic analysis to study differentially abundant glycoproteins in mns1 mns2 and cgl1-3 mutants using lectin enrichment methods (Zielinska et al., 2010). The results showed that N-glycosylation biosynthesis was important for the homeostasis of the plant cell against high salinity. By analyzing DAGs, we found that the abundance of several subsets of glycoproteins responsible for glycoprotein biosynthesis, stress response, signal transduction, and oxidation-reduction process increased, while energy production and cell wall organization related glycoproteins were reduced under salt stress in the WT (Table 2; Figure 4F). In agreement with previous studies, our data suggested that plants primarily need to save energy for survival due to impaired photosynthesis system under stress conditions. However, the abundance modulation of salt-responsive glycoproteins was impaired in both mutants, presumably due to the lack of mature N-glycan. In addition, comprehensive studies between mns1 mns2 and cgl1 in response to high salinity revealed that two N-glycan modification steps mediated by MNS1/MNS2 and CGL1 might differentially modulate client glycoproteins, which is consistent with the difference of salt-sensitive phenotypes between mns1mns2 and cgl1-3 mutant (Liu et al., 2018). Thus, our results supply an integral overview of the requirements of highly coordinated N-glycosylation steps in plants to adapt to environmental stress.

Reactive oxygen species (ROS), including the superoxide anion, hydrogen peroxide, and hydroxyl radical, are normal byproducts of aerobic cell metabolism, but a large amount of ROS production and accumulation induced by salt stress in plant cells is dangerous for photosynthesis, cell wall biosynthesis, and many other biological processes (Munns and Tester, 2008; Yang and Guo, 2018). The active oxygen scavengers in plants include catalase (CAT), ascorbic acid peroxidase (APX), superoxide dismutase (SOD), glutathione reductase (GR), and some non-enzymatic molecules such as anti-ascorbic acid, glutathione, carotenoids, and anthocyanins (Apel and Hirt, 2004). Arabidopsis contains a complex ROS synthesis, regulation, and clearance-related network involving more than 150 genes (Mittler et al., 2004). Our results demonstrated that two functional peroxidases, PRX32 and PRX34, were potentially modulated by N-glycosylation and responsible for root development and salt sensitivity (Figures 5, 6). However, the exact roles of PRX32 and PRX34, together with other class III peroxidase members in maintaining root development against salt stress, still need to be investigated (Arnaud et al., 2017). Moreover, addressing the regulatory roles of their attached N-glycans is another challenge.

In the present study, we demonstrated that the protein abundance changes in mns1 mns2 and cgl1-3 differed by label-free quantitative analysis (Table 2). GO and KEGG pathway results also indicated that the modulated substrate proteins in mns1 mns2 and cgl1-3 were involved in different biological pathways under salt stress (Figure 3; Supplementary Figure S5). We suspected that each N-glycosylation step might influence the specific subsets of glycoproteins during stress responses. Several reports have shown that different N-glycoproteins may harbor different N-glycan structures. For instance, TGG1, one of two myrosinase enzymes in Arabidopsis, is decorated with oligomannosidic N-glycans, as seen in the MS (Liebminger et al., 2012). However, most attached N-glycans on the RSW2 protein, which is critical for cell wall synthesis, were modified with a complex glycan structure (Liebminger et al., 2013). The difference in N-glycan structures between TGG1 and RSW2 may reflect intrinsic protein structures for native cellular functions and may be the molecular basis for differential regulation by N-glycosylation steps.

Distinct from the case of responses to biotic stress, plant responses to abiotic stress often involve multiple genes in multiple metabolic pathways, and there is a complex association between different abiotic stress responses (Cabello et al., 2014). From the perspective of genomics and proteomics, the regulatory network of abiotic stress responses exhibits temporal and spatial complexity in the context of signal transduction and expression of regulatory genes and functional proteins such as transcription factors and enzymes responsible for stress-related metabolite synthesis or deposition (Zhu, 2016). In addition, the protein-quantification method using MS coupling label-free analysis may lead to different protein quantification results due to the differing abundance of N-glycopeptides identified from the same protein (Song et al., 2013). Therefore, it will be helpful to integrate valuable findings from different large-scale multi-omics experiments. Recently, several studies revealed the N-glycan microheterogeneity on glycoproteins in Arabidopsis (Xu et al., 2016; Zeng et al., 2017). It would be interesting to understand whether N-glycosyl regulation occurs under specific conditions. It is necessary to determine the N-glycan structures and quantitation on the glycopeptides to evaluate the precise roles of each N-glycan in the future.
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Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) is a well-known pathogen and model organism used to study plant-pathogen interactions and subsequent plant immune responses. Numerous studies have demonstrated the effect of Pst DC3000 on Arabidopsis plants and how type III effectors are required to promote bacterial virulence and pathogenesis. F-Box Nictaba (encoded by At2g02360) is a stress-inducible lectin that is upregulated in Arabidopsis thaliana leaves after Pst DC3000 infection. In this study, a flood inoculation assay was optimized to check the performance of transgenic Arabidopsis seedlings with different expression levels of F-Box Nictaba after bacterial infection. Using a combination of multispectral and fluorescent imaging combined with molecular techniques, disease symptoms, transcript levels for F-Box Nictaba, and disease-related genes were studied in Arabidopsis leaves infected with two virulent strains: Pst DC3000 and its mutant strain, deficient in flagellin ΔfliC. Analyses of plants infected with fluorescently labeled Pst DC3000 allowed us to study the differences in bacterial colonization between plant lines. Overexpression plants showed a reduced bacterial content during the later stages of the infection. Our results show that overexpression of F-Box Nictaba resulted in reduced leaf damage after bacterial infections, whereas knockdown and knockout lines were not more susceptible to Pseudomonas infection than wild-type plants. In contrast to wild-type and knockout plants, overexpressing lines for F-Box Nictaba revealed a significant increase in anthocyanin content, better efficiency of photosystem II (Fv/Fm), and higher chlorophyll content after Pst DC3000 infection. Overexpression of F-Box Nictaba coincided with increased expression of salicylic acid (SA) related defense genes, confirming earlier data that showed that F-Box Nictaba is part of the SA-dependent defense against Pst DC3000 infection. Knockout lines yielded no discernible effects on plant symptoms after Pseudomonas infection suggesting possible gene redundancy between F-Box Nictaba genes.
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INTRODUCTION

Lectins are defined as proteins that selectively recognize and reversibly bind to specific carbohydrate structures without making structural changes to the carbohydrate moiety. These carbohydrate-binding proteins are present in all kingdoms of life and have been studied extensively in animals and plants, but also occur in bacteria, fungi, and viruses (Peumans and Van Damme, 1995; Lannoo and Van Damme, 2010; Van Holle and Van Damme, 2018). In plants, two major groups of lectins are distinguished based on their subcellular localization and expression pattern. The classical lectins are constitutively expressed and mainly reside in the vacuole, in contrast to the stress-inducible lectins located in the nucleus and the cytoplasm. The latter group of lectins is expressed at a basal level under normal growth conditions, but their expression is upregulated when plants face unfavorable conditions, such as biotic or abiotic stresses (Van Holle and Van Damme, 2018). Consequently, these lectins have been suggested to be involved in cell signaling events (Van Damme et al., 2004). Understanding the protein-carbohydrate interactions in plant cells is crucial to discern the mode of action of lectins (Lannoo and Van Damme, 2010).

Proteins are considered lectins if they contain one or more lectin domains. Chimeric lectins are composed of one or more lectin domains fused to another protein domain. Depending on the sequence of the lectin domains, the whole group of plant lectins is divided into 12 different families (Tsaneva and Van Damme, 2020). One of these lectin families is named after the Nicotiana tabacum agglutinin, better known as Nictaba, a dimeric lectin composed of 19 kDa subunits (Chen et al., 2002). This lectin was one of the first proteins to be classified as a stress-inducible lectin. Its presence in tobacco leaves was not detectable when plants are grown under normal conditions, but Nictaba levels were upregulated after jasmonate treatment, caterpillar attack, and cold treatment (Chen et al., 2002; Vandenborre et al., 2009; Lannoo and Van Damme, 2010; Delporte et al., 2011). Nictaba-like proteins are widespread in the plant kingdom and reported in the transcriptome of Arabidopsis thaliana, tomato, cucumber, and rice, among other species (Van Holle et al., 2017). Different studies provide evidence for the role of Nictaba-like proteins in plant defense. Overexpression of the Arabidopsis Nictaba homolog PP2-A1 (At4g19840) improved plant tolerance against insect attack. PP2-A1 also presents anti-fungal properties, and its expression is upregulated after ethylene treatment and Pseudomonas infection (Beneteau et al., 2010; Zhang et al., 2011; Lee et al., 2014). The overexpression of the Nictaba homolog AN4 (At1g31200) in Arabidopsis thaliana confers higher tolerance against Pseudomonas syringae infection (Eggermont et al., 2018). In Arabidopsis, the Nictaba domain can be combined with different protein domains, such as the AIG1 domain, the TIR domain, or the F-Box domain (Delporte et al., 2015). The Arabidopsis thaliana genome presents 19 genes that encode chimeric proteins composed of F-Box and Nictaba domains (Eggermont et al., 2017). These F-Box Nictaba related sequences show between 22 and 90% sequence identity at the amino acid level.

F-box proteins contain an F-box motif consisting of ~50 amino acids that act as a site for protein–protein interaction for ubiquitin-mediated proteolysis (Kirpreos and Pagano, 2000). The F-box (FBX) genes represent one of the largest and more diverse superfamilies of genes in the plant kingdom (Hua et al., 2011). They are present in different eukaryotes, such as humans, Drosophila, yeast, Caenorhabditis elegans, or Arabidopsis thaliana (Gagne et al., 2002). The Arabidopsis thaliana genome contains almost 700 predicted FBX genes, representing around 2.7% of the Arabidopsis genome (Gagne et al., 2002). Multiple studies have proven that F-Box proteins are important for different biological and physiological processes in plants, such as self-incompatibility, control of the circadian clock, photomorphogenesis, and flowering time (Eckardt, 2004; Stefanowicz et al., 2015). Furthermore, these proteins are involved in the plant response to biotic or abiotic stresses (Maldonado-Calderón et al., 2012; Stefanowicz et al., 2016).

F-Box Nictaba (At2g02360) represents a 38 kDa nucleocytoplasmic protein and has been studied especially for its role in the plant response against different abiotic and biotic stresses. Glycan array analyses revealed that F-Box Nictaba exhibits specificity toward N- and O-glycans containing (poly) N-acetyllactosamine (Galβ1-3GlcNAc and Galβ1-4GlcNAc) structures and poly-LacNAc structures as well as Lewis A [Galβ1-3(Fucα1-4)GlcNAc], Lewis X [Galβ14(Fucα1-3)GlcNAc], Lewis Y [Fucα1-2Galβ1-4(Fucα13)GlcNAc] and type-1 B motifs [Galα1-3(Fucα1-2)Galβ13GlcNAc] (Stefanowicz et al., 2012). Experiments with 5-week-old wild-type Arabidopsis thaliana plants showed an up-regulation of the transcript levels for F-Box Nictaba after Pseudomonas syringae pv. tomato DC3000 infection and after treatment with the plant hormone salicylic acid. Five-week-old plants overexpressing F-Box Nictaba yielded reduced infection symptoms after bacterial infection, suggesting a role for F-Box Nictaba in defense of Arabidopsis thaliana plants against Pseudomonas syringae (Stefanowicz et al., 2016).

This study aimed to provide more insights into the role of F-Box Nictaba in the plant response to virulent Pseudomonas strains. Wild-type Col-0 Arabidopsis plants and transgenic lines with different levels of F-Box Nictaba expression (overexpression, knockdown, and CRISPR-generated knockout lines) were infected with different Pseudomonas syringae strains. Disease symptoms and transcript levels for F-Box Nictaba and disease-related genes were analyzed in Arabidopsis leaves after infection with the virulent strains Pseudomonas syringae pv. tomato DC3000 strain (Pst DC3000) or a mutant strain of Pst DC3000 deficient in flagellin ΔfliC. In addition to leaf damage, other plant parameters such as the efficiency of photosystem II and chlorophyll content were investigated. The F-Box Nictaba knockout lines were equally susceptible to infection than wild-type plants. However, F-Box Nictaba overexpressing lines were more tolerant of Pseudomonas infection since seedlings overexpressing F-Box Nictaba clearly showed reduced leaf damage than wild-type seedlings. Multispectral and fluorescence imaging of Pst DC3000 infected plants showed that transgenic lines overexpressing F-Box Nictaba presented an increased anthocyanin content compared with mock-treated plants. Our results indicate that F-Box Nictaba contributes to the defense response of Arabidopsis thaliana against Pseudomonas infection by reducing the infection symptoms. The symptom reduction is related to increased levels of anthocyanins in plants overexpressing F-Box Nictaba. Anthocyanins are compounds related to antioxidant properties and help the plant cope with the oxidative stress provoked by bacterial infection. The overexpression of F-Box Nictaba could help the plant to deal with the oxidative stress induced during plant defense in response to Pseudomonas infection.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Seeds of wild-type (WT) Arabidopsis thaliana ecotype Columbia 0 were kindly provided by Professor Richard Strasser (Department of Applied Genetics and Cell Biology, University of Natural Resources and Life Sciences, Vienna, Austria). Seeds of homozygous lines overexpressing F-Box Nictaba (OE6 and OE4) were available in the laboratory (Stefanowicz et al., 2016). The lines OE6 and OE4 were selected from a pool of overexpression lines based on the level of overexpression of F-Box Nictaba. Seeds of the SALK T-DNA insertion mutant line associated with the locus At2g02360 (SALK_085735C), further referred to as the knockdown line (KD) and the mutant npr1-1, were purchased from the European Arabidopsis Stock Center (NASC, University of Nottingham, UK). The F-Box Nictaba gene was upregulated after SA treatment, whereas NPR1 acts as a regulator of SA-dependent signaling (Chen et al., 2021). Since this study also investigates the relation between F-Box Nictaba and SA-dependent defense responses, npr1-1 was included in the experiments. F-Box Nictaba knockout lines were obtained using the CRISPR-Cas technique in this study.

To grow in vitro plantlets, seeds were sterilized by washing in 70% (v/v) ethanol for 2 min, washing in 5% (v/v) sodium hypochlorite (Sigma-Aldrich, St. Louis, MO) for 10 min, followed by rinsing up to eight times with sterile bidestilled water. After sterilization, 30 seeds were placed on Murashige and Skoog (MS) medium [4.3 g/L Murashige and Skoog supplemented with modified vitamins (Duchefa, Haarlem, The Netherlands), 30 g/L sucrose (Duchefa), adjusted to pH 5.7 and 8 g/L plant agar (Duchefa)]. Subsequently, plates (100 mm Ø, Greiner Bio One International GmbH, Oberösterreich, Austria) were placed at 4°C in the dark for 3 days to break the dormancy and allow the stratification of the seeds. Afterward, plates were transferred to a growth chamber set at 21°C with a 16/8 h light/dark photoperiod. In order to grow in vivo plants, 2-week-old Arabidopsis thaliana plants grown on MS plates were transferred to artificial soil (AS Jiffy Products, Drobak, Norway, 44 mm Ø) (AS Jiffy Products). After transferring to soil substrate, plants were protected with plastic foil for a week to let them adapt to the new growth conditions.



F-Box Nictaba Knockout Lines by CRISPR-Cas Technology

The guide sequence of sgRNA was designed using CRISPR-P 2.0 and consists of 20 nucleotides, followed by the PAM sequence with six nucleotides. CRISPR vectors (pEN-Sa-Chimera and pDe-Sa-CAS9) were supplied by Prof. Dr. Holger Puchta (Botanical Institute II, Karlsruhe Institute of Technology, Karlsruhe, Germany). Gateway compatible cloning of single sgRNAs was performed according to the adapted protocol provided by Professor Dr. Holger Puchta. The single sgRNA was introduced in the entry vector (pEn-Sa-Chimera) using the BbsI restriction enzyme for digestion of the vector and T4 ligase for the ligation of the sgRNA sequence. The Gateway technology enabled to clone of the pEn-Sa-Chimera vector into the destination vector (pEn-Sa-CAS9) with the help of the LR Clonase II enzyme. The destination vector was introduced in Agrobacterium tumefaciens C58C1 pGV4000 using cold-shock transformation of competent Agrobacterium cells. The transformation of the Agrobacterium colonies was checked using colony PCR.

Eight-week-old wild-type Arabidopsis plants were transformed using the floral dip method (Clough and Bent, 1998). T1 seeds were sown on MS plates containing kanamycin (75 μg/mL) as a selective agent. Seedlings were transferred to artificial potting soil (Jiffy, 44mm Ø) (AS Jiffy Products, Drobak, Norway). Eighteen-day-old plants were subjected to heat stress, essentially as LeBlanc et al. (2018) described, to increase the efficiency of Cas9 activity. The heat stress protocol consisted of 4 cycles consisting of two phases each: 30 h heat stress at 37°C followed by 42 h recovery at 22°C. After the heat treatment, plants were exposed to normal growth conditions. Two rosette leaves of 40-day-old plants were collected, and genomic DNA was extracted with the Edwards extraction protocol (Edwards et al., 1991). The region around the expected mutation site was amplified by PCR using the primers P934 and P874 (Supplementary Table 1). The amplified PCR fragment was sequenced (P938, Supplementary Table 1) (LGC Genomics, Berlin, Germany). The resulting chromatograms were analyzed with BioEdit® software (https://bioedit.software.informer.com/7.2/). Sequences were aligned with wild-type sequences to detect mutations with Clustal Omega (Sievers et al., 2011).

T2 seeds were sown on MS plates and were transferred to artificial soil after 2 weeks. Once plants were 33 d old, two rosette leaves were collected to extract genomic DNA. PCR analysis was performed as described above. The presence of Cas9 was also tested by PCR analysis (L205 and L206 primers, Supplementary Table 1). In the T2 stage, the objective is to obtain plants with the mutation but no longer containing the Cas9 sequence. Cas9-free mutants T2 plants were selected and sent for sequencing. The results were analyzed using BioEdit®, Clustal Omega, and TIDE (Brinkman et al., 2014). The TIDE analysis allowed us to estimate the frequency of insertions and deletions (indels). If mutated candidate plants were considered heterozygous, they were submitted to a third selection.

In the T3 generation, five homozygous knockout lines were obtained: KO1 (1 bp deletion), KO2 (1 bp insertion), KO3 (1bp deletion), KO4 (1 bp deletion), and KO5 (1 bp insertion) (Supplementary Figure 2). More experimental details have been described by Dubiel et al. (2020).



Phenotypic Analysis of Arabidopsis thaliana Lines

For the phenotypic characterization of the rosette area, 7-day-old seedlings grown in vitro on MS plates were transferred to 6-well plates (Greiner Bio One International). Plates were kept in a growth chamber set at 21°C with a 16/8 h light/dark photoperiod (200–400 μmol PAR m−2s−1). Images of 17-d-old Arabidopsis rosettes from Arabidopsis lines (wild-type, overexpression, knockdown, knockdown lines, and npr1-1 mutant) were taken and analyzed using a custom-built automated imaging system (PhenoVation Life Sciences, Wageningen, The Netherlands) as previously described by Tan et al. (2020).



Infection Assays

Infection assays were performed using the flood inoculation technique, essentially as described by Ishiga et al. (2011) with some modifications. Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) was kindly provided by Prof. Dr. Monica Höfte (Laboratory of Phytopathology, Ghent University, Belgium). Pseudomonas syringae pv. tomato DC3000 ΔfliC mutant (CUCPB5467) was kindly provided by Prof. Dr. Alan Collmer (School of Integrative Plant Science, Plant Pathology and Plant-Microbe Biology Section, Cornell University, USA). Bacteria were plated on King's B plates the week before infection. Pst DC3000 and Pst DC3000 ΔfliC mutant were grown in King's B containing 50 μg/mL of rifampicin. Liquid bacterial cultures were started using liquid King's B and were grown at 28°C at 200 rpm until the OD600 reached the logarithmic phase (OD600 = 0.6–1). At that point, bacterial cultures were centrifuged at 3,000 g for 5 min. Bacterial cells were re-suspended in 10 mM MgSO4 to reach OD600 = 0.015. The suspension was supplemented with 0.025% Silwet-77 [GE Specialty Materials (Suisse) S.a.r.l., Switzerland], a non-ionic organosilicon surfactant that facilitates the stomatal penetration of aqueous solutions (Zidack et al., 1992). The mock solution was composed of 10 mM MgSO4 and 0.025% Silwet-77.

Flood inoculation infections were performed using 14-day-old Arabidopsis thaliana seedlings grown in vitro. Seedlings grown on plates with MS medium were covered with a mock solution or bacterial suspension for 10 min. After inoculation, plates were kept in a controlled growth chamber set at 21°C with a 16/8 h light/dark photoperiod. At indicated time points post-infection, plant samples were collected for phenotypic characterization of the plants, quantification of leaf damage, quantification of GFP-labeled Pst DC3000 by determining the fluorescent signal and RNA extraction and qPCR analysis.



Phenotypic Evaluation of the Effect of Pst DC3000 Infection on Arabidopsis thaliana Plants

Phenotypic analysis of infected and mock-treated Arabidopsis plants was performed using a custom-built automated imaging system to obtain high-resolution multispectral images (CropReporter, Phenovation Life Sciences, Wageningen, The Netherlands). Following traits were measured according to the manufacturer's specification: (i) projected leaf area, expressed in the number of pixels, (ii) maximum quantum efficiency of photosystem II (Fv/Fm) (Baker, 2008), (iii) the chlorophyll index (ChlIdx) (Gitelson et al., 2003), and (iv) the modified anthocyanin reflectance index (mARI) (Gitelson et al., 2009). The ChlIdx and mARI are correlated to the amount of chlorophyll and anthocyanins present in the leaf, respectively. Following formulas were used to calculate these indexes:
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More information about multispectral imaging and measured traits included in this study can be found in Meng et al. (2020).



Quantification of Damaged Leaf Area After Pseudomonas Infection

Arabidopsis thaliana plants were kept under normal growth conditions after bacterial infection. Leaves were collected 4-days after Pst DC3000 or Pst DC3000 ΔfliC infection. Pictures were taken with a Leica DFC400 microscope (Leica, Heerbrugg, Germany). Images were analyzed using APS Assess 2.0 to quantify the lesion areas on a random set of individual leaves for each plant line. Leaf damage was presented as the percentage of damaged leaf area after bacterial infection.



Quantification of Fluorescent Pseudomonas in Infected Plants

To measure differences between the bacterial population in Arabidopsis thaliana plant lines, seedlings were infected with a GFP-labeled Pst DC3000, kindly provided by Prof. Dr. Sheng Yang He (Howard Hughes Medical Institute, Michigan State University, USA), using the flood inoculation method described above. Images were taken with a custom-built automated imaging system (CropReporter, Phenovation Life Sciences, Wageningen, Netherlands) at 1, 3, and 5 days post-infection. The cGFP (corrected GFP) values reflect the presence of GFP-labeled Pst DC3000 in the plant and have been corrected for auto fluorescence of the plants.



RNA Extraction, cDNA Synthesis, and RT-PCR Analysis

Aerial parts of Arabidopsis seedlings were collected at 1- and 3-days post-infection (dpi) and stored at −80°C. RNA was extracted using TriReagent (Sigma-Aldrich). To avoid the presence of any residual DNA, samples were submitted to DNAse treatment (Fermentas Kit, St. Leon-Rot, Germany). The concentration and purity of the RNA were measured with Nanodrop 200 (Thermo Scientific, Waltham, MA). cDNA was synthesized starting from 2 μg DNA-free RNA using M-MLV Reverse Transcriptase kit (Invitrogen), according to the instructions of the manufacturer. The final product was diluted 1:5 with RNA-free bidestilled water. The quality of the cDNA was tested by RT-PCR using specific qPCR primers for the SUMO-conjugating enzyme UBC9 gene (evd731 and evd732, Supplementary Table 2). The PCR amplification product was analyzed by gel electrophoresis on a 3% agarose gel in a 0.5% TAE buffer.



Quantitative RT-PCR (qRT-PCR) Analysis

Quantitative RT-PCR analyses were performed using the 96-well CFX Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) with Bio-Rad IQ SYBR Green Supermix (Thermo Scientific, Waltham, MA). The reaction mix was composed of 1x SensiMix™ SYBR, 2 ng/μL first-strand cDNA, and 10 μM of gene-specific forward and reversed primers (Supplementary Table 2) in a total volume of 20 μL. The program was as follows: 10′ 95°C – 41 × (15″ 95°C – 25″ 60°C – 20″ 72°C) ending with generation of a melting curve (a gradual increase of temperature from 65 to 95°C rising by 0.5°C every 5 s). Bio-Rad CFX Manager 3.1 software was used to analyze the melting curves. The qBASE software (Hellemans et al., 2007) was used to check the stability of the reference genes PP2A, TIP41, and UBC9 (Czechowski et al., 2005). The results were statistically analyzed using the pairwise fixed reallocation randomization test using the REST-384 software (Corbett Research, Pfaffl et al., 2002). For each genotype, three independent biological replicates were analyzed with two technical replicates. The gene expression values were normalized using at least two reference genes.



Statistical Analysis

Statistical analyses were performed using the software SPSS Statistics 26 (IBM, Armonk, NY, USA). Shapiro–Wilk test amended with a Bonferroni correction was used to check the assumption of normality, and Levene's test was used for the equality of variances. In multiple pairwise comparisons, ANOVAs were run, followed by Tukey post-hoc tests to identify the statistical differences between treatments. In pairwise comparisons, independent samples T-tests were run when data were normally distributed and Mann–Whitney U-test for not normally distributed data. All results are shown as mean ± SD.




RESULTS


Transgenic Lines With Altered Levels of F-Box Nictaba

To unravel the importance of F-Box Nictaba in plant defense against Pseudomonas infection, a comparative analysis was made for a set of Arabidopsis lines with different levels of F-Box Nictaba expression. Overexpression lines (OE4 and OE6), as well as a knockdown line, were available from previous studies (Stefanowicz et al., 2016). Five knockout lines were generated in this study using the CRISPR technology (Supplementary Figures 1, 2). KO2 and KO5, both knockout lines with one bp insertion, were selected for detailed analysis. Seedlings from overexpression, knockdown, and knockout lines for F-Box Nictaba were subjected to flood inoculation experiments with bacterial suspensions from different Pseudomonas strains. Data for the transgenic lines and some control lines, particularly wild-type Columbia-0 (WT) plants and npr1-1 lines deficient in the salicylic-acid-mediated systemic acquired resistance pathway, were included for comparison.

Transcript levels for F-Box Nictaba were quantified in 15-day-old seedlings (Figure 1). Overexpression lines OE4 and OE6 showed an increase in transcript levels for F-Box Nictaba up to 93-fold and 468-fold, respectively. In contrast, the knockdown line (KD) revealed a down-regulation in the level of F-Box Nictaba by 10-fold compared with wild-type plants. Transcript levels for F-Box Nictaba in the Knock-out line KO2 did not differ from wild-type plants. This could be due to primers not covering the area with the deletion, but the RNA transcript will generate a defective protein.
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FIGURE 1. F-Box Nictaba transcript levels in transgenic lines. Results represent the fold change (and SE) for FBN60 transcripts in transgenic lines compared with WT plants. Asterisks indicate statistically significant differences between WT and transgenic lines (**p ≤ 0.01; ***p ≤ 0.001). WT, wild-type plants.




Pst DC3000 Infection Causes a Reduction in Rosette Size, in the Efficiency of Photosystem II and Chlorophyll Content

Fourteen-day-old Arabidopsis thaliana plants were infected with Pst DC3000 and analyzed at 3 days after inoculation to establish the effect of bacterial infection on three different plant parameters: rosette size, the efficiency of photosystem II and chlorophyll content (Figures 2–4).
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FIGURE 2. Effect of Pst DC3000 infection on rosette size, the efficiency of photosystem II (Fv/Fm), and chlorophyll content (ChlIdx) in 17-day-old Arabidopsis plants at 3 days after inoculation compared with mock-treated plants. Graphs show mean values with error bars representing standard deviation. For this graph, values of all plant lines and treatments were normalized to the WT mock of each experiment, allowing us to represent two different experiments together in one graph. White boxes represent Mock-treated samples and gray boxes Pst DC3000 infected samples. Comparison of Arabidopsis lines within mock-treated plants (black letters) or Pst DC3000 infected plants (red letters) was done with a one-way ANOVA analysis followed by a post-hoc Tukey test. Significant letters indicate differences at a level of p < 0.05. The comparison between mock and Pst DC3000 treated plants within a plant genotype was done using independent samples T-test for normally distributed data and Mann-Whitney test for non-normally distributed samples. Asterisks indicate statistically significant differences between treatments within the same transgenic line (*p ≤ 0.1; **p ≤ 0.05; ***p ≤ 0.001). Number of observations (individual rosettes) in mock treatment: WT = 36, KO2 = 18, KO5 = 18, KD = 10 OE4 = 12, OE6 = 18, npr1-1 = 18. Number of observations (individual rosettes) in Pst DC3000 infection treatment: WT = 48, KO2 = 18, KO5 = 18, KD = 10, OE4 = 12, OE6 = 24, npr1-1 = 17.
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FIGURE 3. Multispectral images of Arabidopsis rosettes at 3 days after mock treatment and Pst DC3000 inoculation. The different images represent the RGB Color image; Fv/Fm: efficiency of photosystem II; ChlIdx: chlorophyll index, a measure for chlorophyll; mARI: modified anthocyanin reflectance index, a measure for the amount of anthocyanin content. Scale bar represents 1 cm.
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FIGURE 4. Multispectral images of Arabidopsis rosettes 3 days after mock treatment and Pst DC3000 inoculation. The different images represent the rosette measuring the following traits: RGB Color image; Fv/Fm: efficiency of photosystem II; ChlIdx: chlorophyll index, a measure for the amount of chlorophyll; mARI: modified anthocyanin reflectance index, a measure for the amount of anthocyanin content. Scale bar represents 1 cm.


Rosettes of plants overexpressing F-Box Nictaba were significantly smaller than rosettes from wild-type plants grown under identical conditions (Figure 2). KD and npr1-1 plants presented the same trend. In contrast, the knockout lines KO2 and KO5 yielded larger rosettes. When plants were infected with Pst DC3000, rosette sizes of all the plant lines under study were significantly reduced as a symptom of the infection. After bacterial infection, the rosettes of OE4, OE6, and KD plants were still significantly smaller than the rosettes of WT plants.

The efficiency of photosystem II (Fv/Fm) was compared for mock-treated plants and Pst DC3000 infected plants. The non-infected wild-type plants showed a significantly higher efficiency of photosystem II than the F-Box Nictaba overexpressing line OE4. After infection with Pst DC3000, KO2 and npr1-1 plants were the only lines showing a significantly higher efficiency of photosystem II than wild-type infected plants.

Mock-treated OE6 and OE4 showed a lower chlorophyll index than mock-treated wild-type plants. However, after infection, F-Box Nictaba overexpressing lines are not significantly different from wild-type plants anymore, indicating that they perform better against bacterial infection. However, the chlorophyll index in KO2, KO5, and npr1-1 plants were significantly higher than in wild-type plants after infection.



F-Box Nictaba Overexpression Line Shows Reduced Leaf Damage After Pseudomonas Infection

Wild-type plants and transgenic lines with different levels of F-Box Nictaba expression were subjected to Pst DC3000 infection, and the chlorotic lesions representing damaged leaf area as a result of Pst DC3000 colonization in the apoplast were quantified (Figure 5). Leaves of the OE6 line clearly showed a reduced level of damaged leaf area compared with wild-type plants, whereas there was no difference in damaged leaf area between knockdown and wild-type plants. The knockout line KO2 showed a higher lesion area than wild-type plants, but the results for line KO5 did not show any difference with wild-type plants.
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FIGURE 5. Quantification of damaged leaf area after Pst DC3000 infection in WT, KO2, KO5, OE6, and KD plants. Leaf damage was measured as chlorotic lesion area in total leaf area and normalized to the WT lesion area. These results are based on three independent biological replicates. For this graph, values of all plant lines were normalized to the WT of each experiment, allowing us to represent two different experiments together in one graph. Comparison of Arabidopsis lines was done with a one-way ANOVA analysis followed by a post hoc Tukey test. Significant letters indicate differences at a level of p < 0.05.




F-Box Nictaba Overexpression Lines Show Less Bacterial Growth After Pseudomonas Infection

Two-week-old Arabidopsis seedlings were inoculated with a GFP-labeled Pst DC3000 strain. Previous studies reported the correlation between fluorescence intensity and bacterial population (Wang et al., 2007; Pasin et al., 2014; Wilson et al., 2018; Hupp et al., 2019), showing that fluorescence measurements allow estimating the bacterial population present in the leaves, offering the additional benefit of non-destructive monitoring of the bacterial population. The growth of the Pseudomonas bacteria was quantified by measuring the fluorescence in the plants at different time points after infection (Figure 6). In general, fluorescence levels in the plants increased from day 1 to day 5. The mutant npr1-1 plants showed a clear increase in fluorescence compared with wild-type plants over time. With respect to all FBN60 mutants, all the plant lines, except OE6 plantlets, showed significantly higher fluorescence than wild-type plants at 1 dpi and 3 dpi. At 5 dpi, the FBN60 overexpressing line OE6 showed significantly less fluorescence than wild-type plants. However, FBN60 overexpressing line OE4 showed significantly higher fluorescence than wild-type plants at 5 dpi. KO2, KO5, and KD plants showed a slightly higher fluorescence than wild-type plants at 1 and 3 dpi. However, both KO lines were not significantly different from wild-type plants at 5 dpi.
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FIGURE 6. Fluorescence measured in 2-week-old Arabidopsis thaliana plants infected with GFP-labeled Pst DC3000 strain at 1-, 3-, and 5-days post-infection. Fluorescence was calculated using the log of the ratio cGFP/cm2 in order to represent the fluorescence in the plant. Comparison between wild-type plants and transgenic lines was performed using independent samples T-test for normally distributed data and Mann-Whitney test for non-normally distributed. Asterisks indicate statistically significant differences between WT and transgenic lines (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). cGFP: corrected Green Fluorescent Protein fluorescence.




Plants Overexpressing F-Box Nictaba Show Increased mARI Values After Pst DC3000 Infection

The anthocyanin content was analyzed in mock-treated, and Pst DC3000 infected plants (Figures 3, 4). A comparative analysis between wild-type and transgenic plants revealed that KO5, KD, and npr1-1 showed lower mARI levels than mock-treated wild-type plants. Moreover, overexpression lines showed a higher mARI value than KD, KO2, KO5, and npr1-1 plants in the same conditions. After Pst DC3000 infection, both OE4 and OE6 lines showed an increased mARI level, while it was reduced in wild-type and KO2 plants. KD plants showed a significantly lower mARI level in the mock plants, but similar to OE lines the anthocyanin levels were significantly higher after infection than wild-type plants. However, the infection did not increase the anthocyanin content in KD plants. In the same line, KO lines revealed a lower anthocyanin content than wild-type plants after mock treatment, but these KO lines showed no major changes in mARI levels after infection. Although the KO2 line showed a small but significant reduction after infection, the KO5 line did not yield any change in anthocyanin levels. Like the overexpression lines, the mutant npr1-1 plants revealed an increased anthocyanin content after Pst DC3000 infection. Mock treated npr1-1 plants had significantly lower mARI values than wild-type plants, but after Pst DC3000 infection, these lines showed similar results (Figure 7).
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FIGURE 7. Anthocyanin content (AriIdx) in 17-day-old Arabidopsis plants at 3 days after Pst DC3000 inoculation. Graphs show mean values with error bars representing standard deviation. For this graph, values of all plant lines and treatments were normalized to the WT Mock of each experiment, allowing us to represent two different experiments together in one graph. White boxes represent mock-treated samples and gray boxes Pst DC3000 infected samples. Comparison of Arabidopsis lines within Pst DC3000 treated plants (red letters), or mock-infected plants (black letters) was done with a one-way ANOVA analysis followed by a post-hoc Tukey test. Significant letters indicate differences at a level of p < 0.05. The comparison between mock and Pst DC3000 infected plants within a plant genotype was done using independent samples T-test for normally distributed data and Mann-Whitney test for non-normally distributed samples. Asterisks indicate statistically significant differences between treatments within the same transgenic line (*p ≤ 0.1; **p ≤ 0.05; ***p ≤ 0.001). Number of observations (individual rosettes) in mock treatment: WT = 36, OE6 = 18, OE4 = 12, KD = 10, KO2 = 18, KO5 = 18, npr1-1 = 18. Number of observations (individual rosettes) in Pst DC3000 infection treatment: WT = 48, OE6 = 24, OE4 = 12, KD = 10, KO2 = 18, KO5 = 18, npr1-1 = 17.




Pst DC3000 ΔfliC Mutant Causes Reduced Infection Symptoms in Arabidopsis thaliana Plants

The virulence of the Pst DC3000 mutant strain, deficient in flagellin ΔfliC, was analyzed on WT, OE6, and KD plants, and the damaged leaf areas were compared with the damage caused by Pst DC3000 (Figure 8). As shown in Figure 8B, the Pst DC3000 ΔfliC mutant caused less lesion area than Pst DC3000. Quantitative analysis revealed that the mutant strain was less virulent on OE6 plants. These F-Box Nictaba overexpressing plants showed a significantly reduced level of damaged leaf area than wild-type plants. However, infected knockdown plants did not show any significant differences compared with infected wild-type plants. The virulence of the Pst DC3000 mutant strain seems to be reduced compared with Pst DC3000, at least for OE6 plants. No statistical differences were found between Pst DC3000-infected and ΔfliC-infected wild-type plants.
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FIGURE 8. Damaged leaf area after Pst DC3000 ΔfliC mutant infection in WT, OE6, and KD plants and comparison with Pst DC3000 strain. Quantification of lesion area (A). The leaf damage was measured as chlorotic lesion area in total leaf area and normalized to the WT lesion area. These results are based on three independent biological replicates. For this graph, values of all plant lines and treatments were normalized to the WT of each experiment, allowing us to represent two different experiments together in one graph. White boxes represent Pst DC3000 infected plants and gray boxes ΔfliC-infected plants. Comparison of Arabidopsis lines within Pst DC3000 treated plants (black letters) or ΔfliC infected plants (red letters) was done with a one-way ANOVA analysis followed by a post hoc Tukey test. Significant letters indicate differences at a level of p < 0.05. Comparing mock and Pst DC3000 infected plants within a plant genotype was done using independent samples T-test for normally distributed data and Mann–Whitney test for non-normally distributed samples. Asterisks indicate statistically significant differences between treatments within the same transgenic line (*p ≤ 0.1; ***p ≤ 0.001). Phenotype of Arabidopsis lines after mock treatment and infection with Pst DC3000 and ΔfliC mutant (B).




Overexpression of F-Box Nictaba Leads to Higher Up-Regulation of SA-Related Defense Genes After Pseudomonas Infection

Transcript levels for FBN60 were quantified in 2-week-old plants at 1 and 3 days after inoculation with Pst DC3000 and its mutant Pst DC3000 ΔfliC (Figure 9). In the mock treatment, transcripts for OE6 FBN60 were significantly upregulated 468-fold and 514-fold at 1 and 3 dpi, respectively. In contrast, after mock inoculation in the KD line, FBN60 was significantly downregulated (9-fold, and 7-fold at 1 and 3 dpi, respectively) compared with the wild-type plants.
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FIGURE 9. Relative transcript levels for F-Box Nictaba (FBN60, At2g02360) and SA-defense pathway-related genes WRKY70 (At3g56400), PR1 (At2g14610), and PR2 (At3g57260) in Arabidopsis thaliana plants after inoculation with Pst DC3000 or Pst DC3000 ΔfliC mutant. Results were determined by qPCR analysis for three independent biological replicates. Error bars represent standard errors. Asterisks indicate the significance of statistical differences of the samples compared with wild-type mock-treated plants (*p < 0.05; **p < 0.01; ***p < 0.001). Graphs are shown on a logarithmic scale.


After inoculation with Pst DC3000, wild-type plants had a slight down-regulation of FBN60 at 1 dpi. However, at 3 dpi, F-Box Nictaba was 2-fold upregulated. However, the expression of FBN60 in OE6 did not differ significantly between the mock treatment and Pst DC3000. After inoculation with the ΔfliC mutant, expression of FBN60 was not significantly different from the wild-type mock-treated plants at 3 dpi in OE6 plants.

To confirm which defense-related pathways are activated following infection, the expression of genes related to SA-dependent defense pathways were studied after Pseudomonas infection. At 3 dpi with both Pseudomonas strains, all three genes, PR1, PR2, and WRKY70, were significantly upregulated. Overexpression (OE6) plants showed a higher expression of PR1 (25-fold upregulation) and WRKY70 (3-fold upregulation) compared with wild-type plants (P-value: 0.0015) and a higher expression of PR1 (31-fold upregulation) compared with KD plants (P-value: 0.001) after Pst DC3000 infection. However, no difference was found when the wild-type and OE6 plants were compared to express disease-related genes at 3 dpi after inoculation with Pst DC3000 ΔfliC mutant (results not shown).

The expression of PR1 in wild-type, OE6, and KD plants was significantly upregulated after Pst DC3000 treatment compared with wild-type mock-treated plants at 3 dpi, whereas PR2 was already significantly upregulated at 1 dpi for both bacterial strains. Interestingly, OE6 plants showed constitutive induction of PR1, PR2, and WRKY70 at 3 dpi when they are mock-treated.




DISCUSSION

To explore the role of F-Box Nictaba (At2g02360) in the plant defense of Arabidopsis thaliana against bacterial infection, 2-week-old plants were infected with Pseudomonas syringae using the flood inoculation technique (Ishiga et al., 2011). Transcript levels for At2g02360 were 2-fold upregulated in 2-week-old wild-type Arabidopsis plants at 3 days after Pst DC3000 infection. These data are similar to the results described for 5-week-old Arabidopsis plants infected by spraying with a bacterial solution of Pst DC3000 (Stefanowicz et al., 2016). All these data support the idea that F-Box Nictaba is a defense-related protein.

The phenotypic characterization of Arabidopsis plants after Pst DC3000 infection provided us with interesting information regarding the plant status of the different transgenic lines. OE6 plants showed reduced lesion area compared with wild-type plants after Pst DC3000 infection. However, there were no significant differences between wild-type plants and neither OE6 nor OE4 regarding the efficiency of photosystem II (Fv/Fm) and chlorophyll index, a proxy for chlorophyll content. In contrast, when plants were mock-inoculated, both overexpression lines showed lower efficiency of photosystem II (Fv/Fm) and chlorophyll index values than wild-type plants, which is probably related to the energy cost of overexpressing F-Box Nictaba. A comparative analysis between both overexpression lines revealed that line OE6 behaves better than line OE4 after Pst DC3000 infection, related to the higher level of overexpression of FBN60 in OE6 compared with OE4.

To unravel the importance of F-Box Nictaba in the plant during its interaction with Pseudomonas syringae, the same experiment was performed for F-Box Nictaba knockdown and knockout lines. In contrast to the overexpression plants, knockdown plants did not show differences in lesion area on leaves compared with wild-type plants. The same trend was followed in knockout line KO5, whereas the lesion area in KO2 was slightly higher than in wild-type leaves. Although the results with the OE lines clearly show that this protein takes part in the defense response against Pst DC3000, the data with the knockout lines suggest that F-Box Nictaba does not play an essential role in pathogen defense. We hypothesize that these data are the result of gene redundancy. At present, FBN60 is the only F-Box Nictaba gene studied in detail for gene regulation in response to pathogen infection. However, about 19 F-Box Nictaba related genes have been retrieved from the Arabidopsis genome. Therefore, it is likely that other F-Box Nictaba homologs could take over the role of At2g02360 when this gene is no longer functional. Another possible explanation is that the F-Box Nictaba level in normal conditions is low in wild-type Arabidopsis thaliana plants. Transcript levels are upregulated after Pst DC3000 infection, but this increase in the transcript level is only a 2-fold change in wild-type plants treated with Pst DC3000. Consequently, the fact that the protein is no longer present in the knockout lines would not make an important difference.

The infection experiment with fluorescent bacteria supports the hypothesis that F-Box Nictaba plays a role in defense in Arabidopsis thaliana plants during Pst DC3000 infection. Judging from the fluorescence levels, the bacterial content in the plants increased over time. However, plants overexpressing F-Box Nictaba presented less bacterial colonization in the late stages of pathogenesis than wild-type plants, as demonstrated in a previous study (Stefanowicz et al., 2016). In the FBN60 overexpressing line OE6, no difference in fluorescence with wild-type plants was observed until 5 dpi, when OE6 plants showed reduced fluorescence values compared with wild-type plants. In the case of the overexpressing line OE4, higher fluorescence values were observed at 1, 3, and 5 dpi compared with wild-type plants. As previously proposed for infection symptoms, differences between both overexpression lines could be due to the different levels of protein overexpression, being much higher in the OE6 plants than in OE4 plants. In general, knockout and knockdown plants represented slightly higher fluorescence values than wild-type plants at 1 and 3 dpi, but at 5 dpi KO plants did not show differences with wild-type plants. Our data indicate that plant lines that lack F-Box Nictaba expression or contain reduced levels of F-Box Nictaba show infection symptoms comparable with wild-type plants. However, the overexpression of F-Box Nictaba leads to a better plant performance after Pst DC3000 infection, especially for OE6 plants that have a 400-fold increase in FBN60 levels. These data suggest that F-Box Nictaba is related to the plant defense response, possibly involved in a defense-response network detecting certain Pseudomonas effector(s), but it may not directly interact with the bacteria. The fact that bacteria live and multiply in the apoplastic space between cells, where effectors are injected, and F-Box Nictaba is located in the nucleus, and the cytoplasm (Stefanowicz et al., 2016) would support the latter idea.

Flagellin and its glycosylation structures are an important factor determining the virulence and host specificity of pathogens (Ishiga et al., 2005, Takeuchi et al., 2007). Six serine residues have been identified as common sites for glycosylation in the flagellin of Pseudomonas syringae pv. tabaci and Pseudomonas syringae pv. glycinea (Taguchi et al., 2006). The glycan attached to one of these serine residues was identified as a unique trisaccharide consisting of two rhamnosyl (Rha) residues and one modified 4-amino-4,6-dideoxyglucosyl residue, commonly known as viosamine. The ratio L-Rhap / D-Rhap was proven to be different between both pathovars (Takeuchi et al., 2007). Although little is known about the glycosylation profile for Pst DC3000, a comparative study exposed that Pst DC3000 had six glycans, identical to the ones in Pta 6605 (Yamamoto et al., 2011; Chiku et al., 2013). Plants and animals need to recognize bacterial flagellin to trigger defense responses. For example, Nicotiana benthamiana cells secrete the enzyme β-galactosidase 1, which targets terminally modified viosamine that is part of the flagellin O-glycan on Pseudomonas syringae pathovars (Buscaill et al., 2019). As such, these glycan structures on flagella are important for host immunity to bacterial pathogens. In addition to flagellin, pillin structures can also be glycosylated and are required for bacterial motility and promote bacterial virulence (Nothaft and Szymanski, 2010; Nguyen et al., 2012).

This study also performed experiments with the mutant Pst DC3000 ΔfliC, which does not present flagellin units. Consequently, flagella will be defective, and the possible glycosylation motifs expected on flagellin will no longer be present. Infection experiments showed that ΔfliC-infected plants presented less damaged area in leaves compared with Pst DC3000 infected plants. From our data, it is clear that the virulence of the Pst DC3000 ΔfliC mutant is lower than that of Pst DC3000. The lack of proper flagella reduces the motility of the bacterial cells (Kvitko et al., 2009; Nogales et al., 2015). Even if the flagella of Pst DC3000 presented a glycan structure that could be recognized by F-Box Nictaba, an interaction is unlikely since F-Box Nictaba is present in the nucleus and cytoplasm of the cell. It is not a membrane protein that could act as a pattern recognition receptor, as described for some lectin receptor-like kinases (Bellande et al., 2017). Consequently, the chance that F-Box Nictaba and Pst DC3000 that colonizes the apoplast will interact is low unless F-Box Nictaba can follow an unconventional route for secretion.

Owing to the presence of pattern recognition receptors on the plasma membrane, Arabidopsis can detect the presence of pathogens by recognizing pathogen- or damage-associated molecular patterns (PAMPs and DAMPs). This interaction is followed by the first defense responses against pathogen intrusion, such as the production of reactive oxygen species (ROS), modifications in the cell wall, synthesis of antimicrobial compounds, and expression of pathogen-related proteins (Gimenez-Ibanez and Rathjen, 2010; Trinh et al., 2018). Plant defense against Pst DC3000 is mainly regulated by SA-dependent signaling, which Pst DC3000 attempts to negate by producing the jasmonic acid (JA) analog coronatine, which suppresses SA-related signaling (Brooks et al., 2005; Spoel and Dong, 2008).

Our experiments indicate that F-Box Nictaba is related to resistance against Pst DC3000 by interacting with SA-dependent defense. Firstly, OE6 exhibited increased expression of the SA-related defense genes PR1, PR2, and WRKY70 compared with wild-type plants after mock treatment, known to be involved in defense against Pst DC3000. Secondly, overexpression lines OE6 and OE4 showed a higher increase in mARI values, a proxy for anthocyanin content following infection with Pst DC3000 compared with wild-type plants, whereas knockout lines did not differ from the wild-type plants.

Previously it was demonstrated that the infection of Pst DC3000 in Arabidopsis thaliana plants causes the up-regulation of genes in response to the contact with hrp-regulated virulence factors, such as coronatine. Some of these genes encode enzymes related to anthocyanin biosynthesis, such as CHS (At5g13930), a putative anthocyanidin synthase (At2g38240), and UDP- anthocyanidin transferase (At4g27570) (Thilmony et al., 2006). It has also been proven that, under abiotic stress conditions, ROS can lead to anthocyanin accumulation since these compounds are produced as antioxidants to protect the plant itself against oxidative stress. This accumulation is produced by means of up-regulation of late genes involved in anthocyanin biosynthesis (like TT3 and TT18) and their regulatory genes (for example, PAP1, TT8, MYB113, and MYB114). This accumulation helps maintain chlorophyll (Chl) and photosynthetic capacity (Xu et al., 2017).

We primarily found increased mARI levels in the youngest leaves, whereas a decrease in mARI was demonstrated in the older leaves. But we did not see a differential response of gene expression between the OE6 and KD lines following infection with the ΔfliC mutant. The ΔfliC mutant does not contain the PAMP flg22, a known inducer of SA-related defense in Arabidopsis (Tsuda et al., 2008). Together, with the study of Stefanowicz et al. (2016), in which FBN60 was induced following exogenous SA application, our results support a role for FBN60 as a mediator of resistance by increasing SA-related defense.

F-Box Nictaba has been demonstrated to be present mostly in the trichomes of young leaves of Arabidopsis plants (Stefanowicz et al., 2016). MYB-bHLH-WD40 (MBW) complexes regulate different cellular pathways in Arabidopsis (such as trichome initiation) and other plants. The MBW complex that regulates anthocyanin biosynthesis consists of the MYB transcription factors PAP1, PAP2, MYB113, and MYB114, the bHLH transcription factors TT8, GL3, and EGL3, and the WD40-repeat protein TTG1. This anthocyanin-regulatory complex and the MBW complex that controls trichome initiation named GL1/MYB82-GL3/EGL3-TTG1 present the same WD40 factor (and transcription factors) (Gou et al., 2011; Liang et al., 2014; Xie et al., 2016). The possible link between F-Box Nictaba and the process that regulates anthocyanin biosynthesis requires further investigation.

Our work reinforces the importance of the lectin F-Box Nictaba in the response of Arabidopsis thaliana plants against Pseudomonas infection. At present, it remains unclear whether lectin-carbohydrate interactions play a role in the plant response to Pseudomonas infection. Our findings clearly show that the overexpression of F-Box Nictaba helps the plant cope with a bacterial infection. Concomitantly a significant increase in the anthocyanin content was observed in the overexpression lines after bacterial infection. Future experiments should focus on the role of oxidative stress in F-Box Nictaba related plant responses. Although the detailed mechanism of how F-Box Nictaba triggers the plant immune response remains unsolved, our data contribute to better insights on the role of lectins in plant responses directed against Pseudomonas infection.
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In the endoplasmic reticulum-associated degradation system of plant and animal cells, high-mannose type free N-glycans (HMT-FNGs) are produced from misfolded glycoproteins prior to proteasomal degradation, and two enzymes, cytosolic peptide:N-glycanase (cPNGase) and endo-β-N-acetylglucosaminidase (endo-β-GlcNAc-ase), are involved in the deglycosylation. Although the physiological functions of these FNGs in plant growth and development remain to be elucidated, detailed characterization of cPNGase and endo-β-GlcNAc-ase is required. In our previous work, we described the purification, characterization, and subcellular distribution of some plant endo-β-GlcNAc-ases and preliminarily reported the gene information of rice endo-β-GlcNAc-ase (Endo-Os). Furthermore, we analyzed the changes in gene expression of endo-β-GlcNAc-ase during tomato fruit maturation and constructed a mutant line of Arabidopsis thaliana, in which the two endo-β-GlcNAc-ase genes were knocked-out based on the Endo-Os gene. In this report, we describe the purification, characterization, amino acid sequence, and gene cloning of Endo-Os in detail. Purified Endo-Os, with an optimal pH of 6.5, showed high activity for high-mannose type N-glycans bearing the Manα1-2Manα1-3Manβ1 unit; this substrate specificity was almost the same as that of other plant endo-β-GlcNAc-ases, suggesting that Endo-Os plays a critical role in the production of HTM-FNGs in the cytosol. Electrospray ionization-mass spectrometry analysis of the tryptic peptides revealed 17 internal amino acid sequences, including the C terminus; the N-terminal sequence could not be identified due to chemical modification. These internal amino acid sequences were consistent with the amino acid sequence (UniProt ID: Q5W6R1) deduced from the Oryza sativa cDNA clone AK112067 (gene ID: Os05g0346500). Recombinant Endo-Os expressed in Escherichia coli using cDNA showed the same enzymatic properties as those of native Endo-Os.

Keywords: endo-β-N-acetylglucosaminidase, free N-glycans, Oryza sativa, ER associated degradation, peptide:N-glycanase


INTRODUCTION

Free N-glycans (FNGs) occur ubiquitously in developing or proliferating plants, such as seedlings, developing seeds or fruits, and cells in culture. Plant FNGs are classified into two subclasses based on the reducing end-side structures: the GN1 type FNGs (with one GlcNAc residue at their reducing end-side) and the GN2 type FNGs (with the di-N-acetylchitobiosyl unit; Cacan and Verbelt, 1997; Suzuki and Funakoshi, 2006; Maeda and Kimura, 2014). Among the plant FNGs, the GN1 high-mannose type free N-glycans (GN1-HMT-FNGs) are believed to be produced from misfolded glycoproteins by the sequential action of two enzymes, cytosolic peptide:N-glycanase (cPNGase) and endo-β-N-acetylglucosaminidase (endo-β-GlcNAc-ase; Diepold et al., 2007; Masahara-Negishi et al., 2012). Previous studies (Fischl et al., 2011; Kimura et al., 2011) reported the construction of mutant lines of Arabidopsis thaliana, in which two endo-β-GlcNAc-ase genes were knocked-out and the endo-β-GlcNAc-ase activity was completely lost. In the mutant lines, GN1-HMT-FNGs completely disappeared and all the HMT-FNGs produced were GN2-type FNGs, suggesting that endo-β-GlcNAc-ase acts on the products (GN2-HMT-FNGs) of cPNGase but not on the misfolded glycoproteins directly.

To date, many plant endo-β-GlcNAc-ases have been purified and characterized (Yet and Wold, 1988; Nishiyama et al., 1991; Berger et al., 1995; Kimura et al.,1998a,b, 2002). Plant endo-β-GlcNAc-ases showed strong activity against high-mannose type N-glycans with the Manα1-2Manα1-3Manβ1 unit but not the plant complex type N-glycans with α1-3Fuc and β1-2Xyl residues, indicating that plant endo-β-GlcNAc-ase must have a common subsite for the structural unit Manα1-2Manα1-3Manβ1-4GlcNAcβ1-4GlcNAc (Kimura et al.,1998a,b, 2002). However, the primary structure of plant endo-β-GlcNAc-ase has not been determined because complete purification of the enzyme has not been achieved. In 2002, Suzuki et al. (2002) purified endo-β-GlcNAc-ase from hen oviducts and identified a human ortholog gene based on the purified enzyme. They also reported that there are two orthologs of the animal endo-β-GlcNAc-ase genes in Arabidopsis thaliana, suggesting that the genes encoding endo-β-GlcNAc-ase are highly conserved between animals and plants. Kato et al. (2002) identified Caenorhabditis elegans endo-β-GlcNAc-ase in the nematode genome database based on the gene information of a fungal endo-β-GlcNAc-ase (Endo-M). They found that the recombinant nematode endo-β-GlcNAc-ase expressed in Escherichia coli exhibits almost the same substrate specificity as the Endo-M from Mucor hiemalis does (Yamamoto et al., 1994). These eukaryotic endo-β-GlcNAc-ases belong to the GH 85 family, and it is believed that animal and plant endo-β-GlcNAc-ases are involved in the endoplasmic reticulum-associated degradation system and function in the cytosol (Suzuki and Funakoshi, 2006; Maeda and Kimura, 2014).

As described above, we constructed an A. thaliana line in which the two endo-β-GlcNAc-ase genes were knocked-out (Kimura et al., 2011), identified a tomato endo-β-GlcNAc-ase gene, and analyzed the changes in gene expression during fruit ripening (Nakamura et al., 2009). For these experiments, we used gene information of the rice endo-β-GlcNAc-ase (Endo-Os), which was found in the rice genome database research based on the information of some internal amino acid sequences of the purified enzyme. Although we reported the amino acid sequence and subcellular localization of Endo-Os previously (Kimura, 2007), we did not report the complete purification, characterization, substrate specificity, and internal amino acid sequences of Endo-Os in detail. Here, we describe the purification and characterization of rice endo-β-GlcNAc-ase and heterologous expression of the Endo-Os gene.



MATERIALS AND METHODS


Materials

The rice k-1 cell line established from Oryza sativa L. cv. Nipponbare was kindly gifted by H. Nishimura and the late Professor K. Kasamo (Research Institute for Bioresources, Okayama University). DEAE-cellulose was purchased from Sigma (St. Louis, MO, United States), and Butyl-TOYOPEARL and TSK-Gel G3000SWXL columns (0.78 × 30 cm) were purchased from Tosoh (Tokyo, Japan). A Shodex PH-814 column (0.8 × 7.5 cm) was purchased from Showa Denko (Tokyo, Japan). A Cosmosil 5C18-AR column (0.6 × 25 cm) was purchased from Nacalai Tesque (Kyoto, Japan). Ni-NTA His•Bind® resin and GST•BindTM resin were purchased from Novagen®. Authentic PA-sugar chains were prepared as described in our previous studies (Kimura et al., 1988, 1997, 2000).



Assay System of Endo-β-GlcNAc-ase Activity

As shown in Figure 1A, endo-β-GlcNAc-ase activity was assayed using M6B [Manα1-6(Manα1-3)Manα1-6(Manα1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc-PA] as a substrate and M3FX [Manα1-6(Manα1-3)(Xylβ1-2)Manβ1-4GlcNAcβ1-4(Fucα1-3)GlcNAc-PA] as an internal standard. An enzyme solution (20 μL) was mixed with M6B and M3FX (approximately 100 and 120 pmol, respectively) in 0.5 M MES buffer (25 μL) at pH 6.0, containing 10 mM EDTA. After incubation at 37°C for 2 h, the reaction was stopped by heating at 100°C for 3 min. After centrifugation, an aliquot (30 μL) of the resulting supernatant was analyzed using a Jasco 880-PU HPLC apparatus with a Jasco Intelligent spectrofluorometer and Cosmosil 5C18-AR column. The PA-sugar chains (M6B, M3FX, and GlcNAc-PA) were eluted and separated by increasing the acetonitrile concentration in 0.02% TFA linearly from 0 to 6% for 25 min at a flow rate of 1.2 mL/min. The eluate was monitored using a spectrofluorometer at an excitation wavelength of 310 nm and an emission wavelength of 380 nm. One unit of the enzyme was defined as the amount that hydrolyzes 1 nmol of the substrate per min at 37°C.
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FIGURE 1. Final purification and SDS-PAGE of the Endo-β-GlcNAc-ase. (A) Assay of endo-β-GlcNAc-ase activity on RP-HPLC; (B) partially purified endo-β-GlcNAc-ase was applied to the Tsk-Gel G3000SWXL column (7.8 × 600 mm) equilibrated with 25 mM MES at pH 6.7, containing 5 mM of EDTA, 5 mM of DTT, and 0.15 M NaCl, and eluted with the same buffer at a flow rate of 0.5 mL/min. The bar indicates endo-β-GlcNAc-ase activity; and (C) proteins were separated using SDS-PAGE on a 15% acrylamide gel under reduced conditions with 5% 2-mercaptoethanol. Proteins on the gel were stained with Coomassie Brilliant Blue R-250.




Purification of Endo-β-GlcNAc-ase

Purification of the enzyme was performed at 0–4°C. The protein concentration was determined by measuring the light absorption at 280 nm using bovine serum albumin (BSA) as a standard.


Preparation of a Crude Enzyme

The rice cultured cells (1,039 g) were disrupted using a Teflon homogenizer (60 rpm and 10 strokes) in 2.1 L of 50 mM Tris–HCl buffer, pH 7.8. The homogenate was filtered through gauze and centrifuged at 8,000 rpm for 20 min. The resulting supernatant was pooled and saturated with ammonium sulfate. The proteins precipitated using 80% saturated ammonium sulfate were dissolved in a small amount of 50 mM Tris–HCl buffer (pH 7.8) and dialyzed against the same buffer. The resulting dialyzate was collected as a crude enzyme.



DEAE-Cellulose Column Chromatography

The crude enzyme (270 mL) was applied to a DEAE-cellulose column (4.0 × 80 cm) equilibrated with 50 mM Tris–HCl buffer at pH 7.8. After the column was washed with 50 mM Tris–HCl buffer containing 50 mM NaCl and with the same buffer containing 0.1 M NaCl, the enzyme active fraction was eluted with the same buffer containing 0.2 M NaCl. The fraction with enzyme activity was pooled and saturated with ammonium sulfate.



Butyl-TOYOPEARL Column Chromatography

The proteins precipitated using 100% saturated ammonium sulfate were dissolved in a small amount of 50 mM Tris–HCl buffer (pH 7.8) and dialyzed against the same buffer. Ammonium sulfate (2.0 M final concentration) was added to the enzyme solution (30 mL) and directly applied to a Butyl-TOYOPEARL column (3.0 × 35 cm) equilibrated with 50 mM Tris–HCl buffer at pH 7.8 containing 2.0 M ammonium sulfate and eluted with a linear gradient (2.0–0 M) of ammonium sulfate in the same buffer. The fractions with enzyme activity were pooled.



Hydrophobic Interaction HPLC

HPLC was performed using a Jasco 880-PU HPLC apparatus with a Jasco Intelligent UV/VIS detector (970 UV) and a Shodex PH-814 column (0.8 × 7.5 cm). The enzyme solution was centrifuged (Amicon Centriprep-30) and 5 mL of the sample was dialyzed against 25 mM MES buffer (pH 6.7) containing 5 mM EDTA and 5 mM DTT. Ammonium sulfate (1.5 M final concentration) was added to the enzyme solution and directly applied to a Shodex PH-814 column equilibrated with 25 mM MES buffer (pH 6.7) containing 1.5 M ammonium sulfate, 5 mM EDTA, and 5 mM DTT and eluted with a linear gradient (1.5–0 M) of ammonium sulfate in the same buffer at a flow rate of 1.0 mL/min.



TSK-Gel G3000SWXL Column Chromatography

The enzyme fraction obtained in step 4 was applied to a Shodex TSK-Gel G3000SWXL twin column (0.78. × 60 cm). The enzyme solution was dialyzed against 25 mM MES buffer (pH 6.7) containing 5 mM EDTA, 5 mM DTT, and 0.15 M NaCl. The resulting dialyzate was centrifuged in an Amicon Centriprep-30 up to 780 μL. The concentrated enzyme fraction was applied to the column and eluted with the same buffer at a flow rate of 0.5 mL/min. The enzyme solution was centrifuged in an Amicon Centriprep-30 up to 950 μL.



Primary Structural Analysis of the Purified Enzyme

The 70-kDa reduced and alkylated protein band on the SDS-PAGE gel was cut and washed with 50 mM ammonium bicarbonate containing 50% acetonitrile and 50 mM ammonium bicarbonate containing 30% acetonitrile successively, and vortexed for 30 min. This treatment was repeated until the colors were completely removed. The gel was dehydrated using 100% acetonitrile on a vortex twice for 15 min. After acetonitrile was evaporated, the gel was digested with trypsin (Promega, United States). Trypsin (0.05 μg) was added to the gel on ice for 30 min and incubated in 50 mM ammonium bicarbonate containing 10% acetonitrile for 16 h at 37°C. The resulting peptides were recovered using 50 mM ammonium bicarbonate containing 30% acetonitrile, 80% acetonitrile, and 100% acetonitrile. The resulting solution was evaporated and concentrated. Trifluoroacetic acid (0.1%) was added to the peptide solution and loaded onto a ZipTip C18 (Millipore, United States) pipette tip. The tip was washed with 0.1% formic acid and the bound peptides were eluted with 50% acetonitrile containing 0.1% formic acid. An Applied Biosystems API QSTAR Pulsar i, quadrupole mass spectrometer with an atmospheric pressure ionization ion source was used. It was operated in the positive mode and the ion spray voltage was 950 V. The resulting peptide solution was introduced into the nanospray needle using mechanical infusion at a flow rate of 30 nL/min. The collisionally activated dissociation (CAD) spectrum was measured using argon as the collision gas. The collision energy was 50 eV. Scanning decreased with a step size of 0.1 Da and the CAD daughter ion was recorded from m/z 400 to 1,000. The data analysis was performed in Analyst QS and MS/MS Fragment Ion Calculator of Proteomics Toolkit.1



Database Search

A homology search was performed using the Basic Local Alignment Search Tool (BLAST) of the National Center for Biotechnology Information. Additionally, a Rice Full-length cDNA clone search was performed using the Rice Annotation Project Database. A search of protein sequence was performed using the UniProt Knowledgebase.



Expression of Endo-β-GlcNAc-ase in E. coli

A cDNA clone (Clone Name 001-117-D09; Accession No. AK112067) was obtained from the Rice Genome Project of the National Institute of Agrobiological Sciences, Japan, as the developer, and the Rice Genome Resource Center as the provider of the material. The inserted cDNA encoding endo-β-GlcNAc-ase was retrieved with XhoI from pME18SFL3-AK112067, and the resulting fragment was subcloned into the two XhoI sites of the pET-41b(+) vector (Novagen, Germany). The pET-41b(+)-endo-β-GlcNAc-ase was transformed into E. coli BL21 (DE3) and the cells were grown in 16 mL of Luria-Bertani medium containing 30 μg/mL kanamycin. After 3 h of shaking culture at 37°C, the cells were collected and grown in 200 mL of Luria-Bertani medium containing 30 μg/mL kanamycin with shaking culture for 24 h at 20°C. The cells were collected and washed with 20 mM Tris–HCl buffer (pH 8.0).



Purification of Recombinant Endo-β-GlcNAc-ase

Cells (3.6 g) were sonicated in 20 mL of 20 mM Tris–HCl buffer (pH 8.0) containing 0.5 M NaCl and 5 mM imidazole for 10 min at 0°C. The cell extract was centrifuged at 10,000 × g for 30 min at 4°C. The resulting supernatant was centrifuged in an Amicon Centriprep-100 up to 10.5 mL. The cell extract was applied to a Ni-NTA His•BindTM column (1.5 × 3 cm) equilibrated with 20 mM Tris–HCl buffer, pH 8.0, containing 0.5 M NaCl and 5 mM imidazole. After the column was washed with 20 mM Tris–HCl buffer at pH 8.0, containing 0.5 M NaCl and 20 mM imidazole until no further protein was eluted, the recombinant endo-β-GlcNAc-ase was eluted with 20 mM Tris–HCl buffer at pH 8.0, containing 0.5 M NaCl and 200 mM imidazole. The endo-β-GlcNAc-ase active fractions were pooled and added to 5 mM of EDTA and 1 mM of DTT. The enzyme solution was applied to a GST•BindTM column (1.5 × 1.2 cm) equilibrated with 50 mM Tris–HCl buffer at pH 8.0, containing 0.1 M NaCl, 5 mM of EDTA, and 1 mM of DTT. After washing the column with the same buffer, the recombinant endo-β-GlcNAc-ase was eluted with the same buffer containing 10 mM of reduced glutathione.



SDS-PAGE

SDS-PAGE was performed using the method of Laemmli under reducing conditions using 5% 2-mercaptoethanol (Laemmli and Favre, 1973). Proteins were stained using Coomassie Brilliant Blue R-250. As standard proteins for the mass calibration, myosin (212 kDa), α2-macroglobulin (170 kDa), β-galactosidase (116 kDa), transferring (76 kDa), glutamic dehydrogenase (53 kDa), phosphorylase B (97.4 kDa), BSA (66.2 kDa), ovalbumin (42.7 kDa), and carbonic anhydrase (31.0 kDa) were used (Pharmacia, United States).



Effects of pH and Temperature on Enzyme Activity

The optimum pH of the enzyme was determined after incubation with M6B as a substrate and M3FX as an internal standard in buffers with various pH (4.0–8.5) at 37°C for 30 min. The buffers used were 0.1 M MES (pH 4.0–6.5) and 0.1 M HEPES (pH 7.0–8.5). The optimum temperature of the enzyme was measured with M6B after incubation in 0.5 M MES buffer, pH 6.0, containing 10 mM of EDTA at various temperatures for 30 min.



Effects of Metal Ions, Detergent, and Chaotropic Ions on Enzyme Activity

The effects of metal ions, detergent, and chaotropic ions on the enzyme were examined after incubation with M6B as a substrate and M3FX as an internal standard in 0.5 M MES buffer, pH 6.0, containing metal ions, detergent, or chaotropic ions at 37°C for 30 min.



Substrate Specificity

Substrate specificity of the enzyme was examined after incubation with various substrates and GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAc-PA (GN5) as an internal standard in 0.5 M MES buffer at pH 6.0, containing 10 mM EDTA at 37°C for 30 min.



RESULTS


Purification of Endo-β-GlcNAc-ases From Rice Cultured Cells

An endo-β-GlcNAc-ase was purified from rice-cultured cells by a combination of ion-exchange chromatography, hydrophobic interaction chromatography, and gel filtration. The elution profile of the final gel filtration using a TSK-Gel G3000SWXL column and SDS-PAGE analysis of the purified rice endo-β-GlcNAc-ase are shown in Figures 1B,C. A summary of the purification procedure is shown in Table 1. The specific activity of the purified enzyme represented a 1200-fold increase over the crude extract. The molecular mass of the purified endo-β-GlcNAc-ase (nEndo-Os) was estimated to be 70 kDa using SDS-PAGE analysis.


TABLE 1. Purification of Endo-β-GlcNAc-ase from rice culture cells.
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Internal Amino Acid Sequences of Purified nEndo-Os

N-Terminal amino acid sequences could not be identified, suggesting that the N-terminus of this enzyme might be modified. Therefore, we attempted to determine the internal amino acid sequences using tryptic peptides of purified nEndo-Os and ESI-MS spectrometry. The divalent and trivalent ions from tryptic peptides were obtained using ESI-TOF-MS analysis (Figure 2A) and were further analyzed using MS/MS spectrometry. In Figure 2B, the result of C-terminal sequence is shown as a typical example of MS/MS analysis. The results of MS/MS analysis of these peptides are summarized in Table 2. As shown in Figure 3, the result of the homology search using BLAST indicated that all these sequences coincide with the deduced amino acid sequences (UniProt ID: Q5W6R1) in a gene (Os05g0346500) product, of which putative function is believed to be a glycoside hydrolase family 85 domain-containing protein.
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FIGURE 2. ESI-TOF-MS analysis of tryptic peptides from purified Endo-β-GlcNAc-ase and MS/MS spectrum of peak-d (m/z 558.3; C-terminal Peptide). (A) Doubly and triply charged tryptic peptides were obtained and further analyzed using MS/MS spectrometry. a, m/z 457.5 [(M + 2H)2+]; b, m/z 466.2 [(M + 2H)2+]; c, m/z 519.8 [(M + 2H)2+]; d, m/z 558.3 [(M + 2H)2+]; e, m/z 617.0 [(M + 3H)3+]; f, m/z 645.8 [(M + 2H)2+]; g, m/z 653.3 [(M + 2H)2+]; h, m/z 661.8 [(M + 2H)2+]; i, m/z 666.3 [(M + 3H)3+]; j, m/z 752.9 [(M + 2H)2+]; k, m/z 789.9 [(M + 2H)2+]; l, m/z 838.7 [(M + 3H)3+]; m, m/z 868.4 [(M + 2H)2+]; n, m/z 887.4 [(M + 3H)3+]; o, m/z 934.9 [(M + 2H)2+]; p, m/z 974.5 [(M + 2H)2+]; and q, m/z 999.0 [(M + 2H)2+]. (B) MS/MS Spectrum of Peak-c (m/z 558.3; C-terminal Peptide).



TABLE 2. MS/MS analysis of internal amino acid sequence of purified endoglycosidase.
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FIGURE 3. Nucleotide sequence (Os05g0346500) and amino acid sequence (UniProt ID: Q5W6R1) of Endo-Os. Underlining indicates identified peptide sequences.




Expression of Recombinant Endo-Os in E. coli and Purification

To confirm whether the Os05g0346500 gene codes for nEndo-Os, the putative endo-β-GlcNAc-ase gene was obtained from the cDNA clone AK112067, cloned into the pET-41b(+) vector, and expressed in E. coli BL21 (DE3). The expressed recombinant Endo-Os (rEndo-Os), which was tagged with eight histidines (His8), and glutathione S-transferase (GST) in the N-terminal region were purified using a Ni-NTA His•Bind® column followed by a GST•BindTM column. The purified recombinant protein with a molecular mass of 114 kDa (Figure 4A) exhibited endo-β-GlcNAc-ase activity (Figure 4B), indicating that the putative function of the Os05g0346500 gene (the cDNA clone AK112067) must encode Endo-Os, and that the gene is expressed and involved in the release of high-mannose type N-glycans in rice cells.
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FIGURE 4. Purification of recombinant Endo-β-GlcNAc-ase. (A) Proteins were separated using SDS-PAGE on a 7.5% acrylamide gel under reduced conditions using 1 mM DTT. Proteins on the gel were stained with Coomassie Brilliant Blue R-250; (B) Assay of endo-β-GlcNAc-ase activity on RP-HPLC. I, Control; II, Enzyme digestion.




Effects of pH and Temperature on Enzyme Activity

The effects of pH and temperature on the activity of nEndo-Os and rEndo-Os were determined using M6B (150 pmol) as a substrate and M3FX (150 pmol) as an internal standard. As shown in Figure 5, both enzymes had an optimum pH of 6.5 and an optimum temperature of approximately 50°C.
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FIGURE 5. Effects of pH and temperature on Endo-Os activity. Optimum pH and temperature were determined using M6B as a substrate and M3FX as an internal standard. (A) Optimum pH was determined after incubation in buffers with various pH (0.1 M MES buffer for pH 4.0–6.5 and 0.1 M HEPES buffer for pH 7.0–8.5) at 37°C for 30 min. (B) Optimum temperature was determined after incubation in 0.5 M MES buffer at pH 6.0, containing 10 mM of EDTA at various temperatures for 30 min.




Effects of Various Additives

The effects of various additives, such as metal ions, detergents, and chaotropic ions, on enzyme activity were examined, as shown in Figure 6. The enzymes (nEndo-Os and rEndo-Os) were incubated with various additives in 0.5 M MES buffer at pH 6.0, at 37°C for 30 min, and the residual activity was assayed. Both enzymes exhibited similar properties. Cu2+ and Zn2+ (6.0 mM) inhibited the activity by 90%, while Mn2+ was inhibited it by 46%. Since EDTA (10 mM) had no effect on the enzyme activities (data not shown), endo-β-GlcNAc-ase should require no metal ions for activity. A chaotropic reagent, urea, significantly inhibited both endo-β-GlcNAc-ase activities (approximately 70% inhibition by 2 M and approximately 80% inhibition by 4 M urea), while Endo-Os retained almost complete activity in both 0.1 and 0.5% Triton X-100.
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FIGURE 6. Effects of metal ions, detergent, and chaotropic ions on Endo-Os activity. Enzymes were incubated in 0.5 M MES buffer at pH 6.0, containing metal ions (6 mM), detergent (2 and 4 M), or chaotropic ions (0.1 and 0.5%) at 37°C for 30 min. Enzyme activity was determined using M6B as a substrate and M3FX as an internal standard.




Substrate Specificity of nEndo-Os and rEndo-Os

The substrate specificities of the rice endo-β-GlcNAc-ase enzymes (native Endo-Os and recombinant Endo-Os) were examined using various PA-sugar chains (both high-mannose type and plant complex type N-glycans) as substrates. A summary of the substrate specificity analysis is shown in Table 3. nEndo-Os and rEndo-Os showed strong activity against the high-mannose type free N-glycans (HMT-FNGs) with the Manα1-2Manα1-3Manβ1-unit, such as M5B, M6B, M7A, M7B, M7D, M8A, M8C, and M9A, and exhibited moderate activity toward GNM5, M4C, and M5A, but neither enzyme could hydrolyze the N-acetylchitobiosyl linkage in the plant complex type N-glycans. The rates of hydrolysis for these high-mannose type N-glycans were comparable to each other, as shown in Table 3. The significant difference in the hydrolysis rate between M5A and M5B suggested that the plant endo-β-GlcNAc-ase must have a specific subsite for the Manα1-2Manα1-3Manβ1-4GlcNAcβ1-4GlcNAc unit to enhance the hydrolytic reaction. Furthermore, in addition to the pentasaccharide unit, the linkage position of the α1-2 mannose residue at the non-reducing end gave different effects on the endo-β-GlcNAc-ase activity; α1-2 mannose residue linked to the α1-6Man in M7A and to α1-2Man in M7B provided the positive effect but the α1-2 mannose residue linked to α1-3Man in M7D provided a negative effect. In contrast, the core pentasaccharide of N-glycan [Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc] and trisaccharide with only one mannosyl residue (Manβ1-4GlcNAcβ1-4GlcNAc) were hardly hydrolyzed.


TABLE 3. Comparison of substrate specificities of Endo-OS.

[image: Table 3]As shown in Figure 7, plant endo-β-GlcNAc-ases form a cluster that is slightly distant from animal endo-β-GlcNAc-ases, suggesting that the plant enzyme and the animal enzymes may carry certain different physiological function in addition to the hydrolytic activity of HMT-GN2-FNGs. The deduced amino acid sequence of Endo-Os showed high homology with three endo-β-GlcNAc-ases in A. thaliana (Endo-AT1 and Endo-AT2) and L. esculentum (Endo-LE; Figure 8). A phylogenetic tree based on the full amino acid sequences of various endo-β-GlcNAc-ases was constructed using the neighbor-joining method (Saitou and Nei, 1987).
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FIGURE 7. Neighbor-joining phylogenetic tree of amino acid sequences of Endo-β-GlcNAc-ase. Amino acid sequences of Oryza sativa (Endo-Os, Q5W6R1) used the putative endo-β-GlcNAc-ase sequence. Arabidopsis thaliana-1 (Endo-AT1, F4JZC2), A. thaliana-2 (Endo-AT2, Q9SRL4), Lycopersicum esculentum (Endo-LE, A0A3Q7HNF7), Homo sapiens (Q8NFI3), C. elegans (Q8TA65), D. melanogaster (Q9VX51), Mucor hiemalis (Endo-M, Q9C1S6), Streptomyces plicatus (Endo-H, Q93HW0), Flavobacterium meningosepticum (Endo-F, P36911), Streptococcus pneumoniae (Endo-D, Q93HW0), and Arthrobacter protophormiae (Endo-A, Q9ZB22).
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FIGURE 8. Comparison of sequences of plant Endo-β-GlcNAc-ase. Endo-AT1 and -AT2, Arabidopsis thaliana endo-β-GlcNAc-ase (F4JZC2 and Q9SRL4); Endo-LE, Lycopersicum esculentum endo-β-GlcNAc-ase (A0A3Q7HNF7); Endo-Os, Oryza sativa putative endo-β-GlcNAc-ase (Endo-Os, Q5W6R1). A gray box indicates an important site; E, endo-β-GlcNAc-ase; W, transglycosylation.




DISCUSSION

In this study, we purified a rice Endo-Os and determined the internal amino acid sequences of purified Endo-Os by ESI-MS analysis. To identify the endo-β-GlcNAc-ase gene, O. sativa Endo-Os was completely purified from the cultured rice cells. Since the N-terminal amino acid sequence of the purified enzyme could not be determined due to some chemical modification, we analyzed the internal amino acid sequences using some tryptic peptides by ESI-TOF-MS. All internal sequences determined from the purified Endo-Os were found in the deduced amino acid sequence of the O. sativa cDNA clone AK112067 (gene ID: Os05g0346500), suggesting that the gene encodes Endo-Os (UniProt ID: Q5W6R1). The recombinant Endo-Os tagged with eight histidine residues and GST, which was expressed in E. coli, showed endo-β-GlcNAc-ase activity, indicating that the gene (Os05g0346500) encodes the rice endo-β-GlcNAc-ase. Several plant endo-β-GlcNAc-ases have been purified (or partially purified), and their enzymatic properties, including substrate specificity, have been reported in previous studies (Kimura et al.,1998a,b, 2002); however, the primary structure or internal amino acid sequences have not been analyzed and the heterologous expression of rice endo-β-GlcNAc-ase has not been achieved. To our knowledge, this study is the first to report the identification of a plant endo-β-GlcNAc-ase gene based on the information of internal amino acid sequences determined from the purified enzyme. The native Endo-Os and the recombinant Endo-Os showed almost the same substrate specificity and high activity toward the high-mannose type N-glycans bearing the Manα1-2Manα1-3Manβ1 unit. It is noteworthy that this type of N-glycan is often linked to glycoproteins that are misfolded in the ER and transported into the cytosol.

The double knock-out mutants of Endo-AT1 (At5g05460) and Endo-AT2 (At3g11040) genes in A. thaliana showed no significant changes in phenotype under normal growing conditions. However, most HMT-FNGs found in the mutant lines were of the GN2 type, and the GN1 type, which is predominant in the wild-type plant, was lost, suggesting that the major substrates for plant endo-β-GlcNAc-ase are HMT-GN2-FNGs and not misfolded glycoproteins with high-mannose type N-glycans (Fischl et al., 2011; Kimura et al., 2011). It is believed that in animal cells, HMT-GN1-FNG produced by endo-β-GlcNAc-ase in the cytosol is hydrolyzed by cytosolic α-mannosidase, which is absent in plants, and is then transported to lysosomes for further degradation (Suzuki and Funakoshi, 2006). Since plants lack such cytosolic α-mannosidases, the degradation pathway of HMT-GN1-FNGs has remained obscure. However, it has recently been suggested that HMT-GN1-FNGs are transported back into the ER and then secreted into the extracellular space via glycan processing in the Golgi apparatus (Katsube et al., 2021). Furthermore, we found that HMT-FNGs (both GN1 and GN2 types) are involved in inhibiting β-amyloid fibril formation (Tanaka et al., 2015), suggesting a possibility that these HMT-FNGs transported back into the ER mayplay an important role in facilitating protein folding or inhibiting protein aggregation. On the other hand, it has long been postulated that FNGs function as signaling molecules involved in plant growth or development (Priem and Gross, 1992; Yunovitz and Gross, 1994); however, the putative functions remain to be confirmed.

The physiological significance of plant endo-β-GlcNAc-ase remains to be elucidated, since the suppression of endo-β-GlcNAc-ase activity in plants resulted in no significant changes in phenotype or harmful effects (Fischl et al., 2011; Kimura et al., 2011; Kapusi et al., 2017; Shirai et al., 2019). Therefore, to clarify the physiological importance of plant endo-β-GlcNAc-ase, it may be necessary to generate transgenic plants overexpressing endo-β-GlcNAc-ase.
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The top 30 genes (TGR > 16 in at least one sample) according to heatmap on Figure 9. Gene description includes: the gene ID according to the Phytozome v12.1.6 (https.//phytozome.jgi.doe.gov/pz/portal.html;
Goodstein et al., 2012); the lectin family name that was used in the present study, the Pfam domain by the presence of which lectin family members were distinguished, the gene description according to the Phytozome
v12.1.6; Arabidopsis thaliana homologs for genes according to flax genome annotation (Wang et al., 2012). The red-blue heat map indicates the mRNA abundance expressed in TGR values and the color gradient
reflects TGR (total gene reads) values from 1 to 1000. Abbreviations: SCW, secondary cell wall; TCW, tertiary cell wall; PM, plasma membrane. tFIBb and sXYLb — isolated fibers with TCW and stem xylem with
SCW of non-inclined plant, respectively; tFIBb_PULS, tFIBb_PUL24, tFIBb_PUL96 — isolated fibers with TCW from pulling side of flax stem after 8, 24, 96 h of gravibending, respectively; tFIBb_OPP8, tFiIBb_OPP24,
tFIBb_OPP96 - isolated fibers with TCW from opposite side of flax stem after 8, 24, 96 h of gravibending, respectively; sXYLb_PULS8, sXYlb_PUL24, sXYLb_PUL96 — pulling side of stem xylem with SCW after 8, 24, 96 h
of gravibending, respectively; sXYLb_OPPS8, sXYlb_OPP24, sXYLb_OPP96- opposite side of stem xylem with SCW after 8, 24, 96 h of gravibending. Genes that were considered as differentially expressed (Tables 4,
5) in the tissues under normal condition are given on a gray background.
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GO term GoiDp Over(+)/under(-) Fold enrichment p-value
represented

Manganese ion binding 0030145 + 11.87 3.24E-02
FAD binding 0071949 + 925 2.436-02
Flavin adenine dinucleotide binding 0050660 * 6.4 9.21E-03
Heme binding 0020037 * 483 1.09E-04
ron ion binding 0005506 + 463 2.336-03
Tetrapyrrole binding 0046906 + 447 3.36E-04
Oxidoreductase activity, acting on paired donors, with

incorporation or reduction of molecular oxygen 0016705 + 436 1.07E-03
Transition metalion binding 0046914 + 298 1.91E-05
Oxidoreductase actiity 0016491 + 289 1.34E-06
Metal ion binding 0046872 + 25 1.96E-04
Cation binding 0043169 + 245 3.02E-04
lon binding 0043167 : 229 2.71E-07
Catalytic activty 0003824 + 153 2.06E-05
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154E-02
1.54E-02
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3.15E-03
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Accession number Protein descriptions Ratio® (T/NT) Ratio® (D/ND) Ratio® (C/NC)

AT1G56340 Calreticuiin 1a, CRT1a 214:0.19 - -
AT1G09210 Calreticuiin 1b, CRT1b 0132002 - -
AT2G38960 Endoplasmic reticulum oxidoreductins 2, ERO2 2172003 - -
AT3GO7770 Heat shock protein 89.1, Hsp89.1 - 360+ 1.30 -
AT3G54960 PDIL1-3,  protein disulfice isomerase-ike protein 1912028 - -
AT4G27080 PDH-ike 5-4, PDI7, PDIL5-4. - - 0.24.0.03
AT5G19690 Staurosporin and temperature sensitive 3-like A, STT3A 2032022 056+0.05 0.260.05
AT1G76400 Ribophorin |, an oligosaccharyl transferase subunit 2232047 - -
AT1G67490 Giucosidase 1, GCS1, KNF - 2542028 -
AT1G71220 UDP-glucose:glycoprotein glucosyltransferases, EBS1 2782071 - 0.41£0.18
Carbohydrate metabolism and energy production (16)
AT3G26650 GAPDH A subunit, GAPA 0292016 - 0252002
AT1G42970 GAPDH B subunit, GAPB - - 087017
AT1G09780 Phosphoglycerate mutase 0822016 - -
ATCGO0680 Photosystem l reaction center protein B, PSBB 0322010 - 0080.00
ATCGO0480 ATP synthase subunit beta, ATPB - 339038 -
AT2G28470 Beta-galactosidase 8, BGALS 2672013 - 0342020
AT5G63810 Beta-galactosidase 10, BGAL1O 1852011 - 0422013
AT5G13640 Phospholipid:diacylglycerol acylransferase, PDAT 2192030 - -
AT1G66970 SVL2, a member of GDPD-like family - - 027 £0.17
AT1G74380 Xyloglucan xylosyltransferase 5, XXT5 - 052+0.06 028002
AT3G26720 Giycosyl hydrolase family 38 protein - - 052012
AT2G44450 Beta glucosidase 15, BGLU15 - 0280.09 -
AT1G52400 Beta glucosidase 18, BGLU18 2572037 2212059 -
AT3G18080 B-S glucosidase 44, BGLU44 - 336+0.36 0252002
AT1GB5590 Beta-hexosaminidase 3, HEXO3 - - 463097
AT1GO7230 Non-specific phospholipase C1, NPC1 - 4312071 -
(Putativeuncharacterizedprotein (14)
AT5G14030 TRAPB famiy protein 0542011 049:0.10 -
AT5G15350 Early nodulin-ike protein 17, ENODL17 1.52£0.02 - -
AT4G12880 Early nodulin-ike protein 19, ENODL19 - 1.55£0.03 -
AT3G62730 Unknown protein, desiccation-ike protein 899041 - -
AT2G12400 Unknown protein, plasma membrane fusion protein 4222060 - -
ATIG19370 Unknown protein, membrane protein - 007 £ 0.00 -
AT5G58100 Unknown protein, transmembrane protein - 028+0.05 -
AT3G56750 Unknown protein, transferase activity - 238023 -
AT1G05070 Protein of unknown function (DUF1068) - 176015 -
AT2G01310 Hypothetical protein - - 8602032
AT3G13410 2-G-methyl-D-enythitol 4-phosphate cytidylyltransferase - 223035 -
AT1G10950 Transmembrane nine 1, TMN1 - - 021£0.15
AT1G09870 Histicine acid phosphatase family protein - 159026 -
AT1G17100 HBP1, SOUL heme-binding family protein - 2.30+0.03 1.59+0.16
Profeintransportand metabolism (9)
AT2G35780 Serine carboxypeptidase-like 26, SCPL26 167 £0.37 - -
AT5G23210 Serine carboxypeptidase-lie 34, SCPL34 - 283+0.96 -
AT2G33530 Serine carboxypeptidase-like 46, SCPLAG - 1.86+023 062009
AT1G78680 Gamma-glutamy! hydrolase 2, GGH2 2732071 - -
AT3G62020 Germin-like protein 10, GLP10 8742059 385127 856006
AT1G59970 Meatrixin family protein - 055 0.00 0602004
AT1G13900 PAP2, a dual-localized acid phosphatase that modulates 377001 227£045 047 £0.16

protein targeting to mitochondrion
AT3G52850 Vacuolar sorting receptor homolog 1, VSR1 - 3222068 -
AT4G20110 Vacuolar sorting receptor 7, VSR7 - 255+ 0.02 -
Defenseresponse (1)
AT1G79340 Metacaspase 4, MC4, MCP2d 202032 317040 -
AT1G52410 ‘TSK-associating protein 1, TSA1 288063 - -
AT2G39730 Rubisco activase, RCA 3022005 - -
AT5GO6860 Polygalacturonase inhibiting protein 1, PGIP1 - - 0.49 £ 0.04
AT5GO6870 Polygalacturonase inhibiting protein 2, PGIP2 - 353+0.70 -
AT3G11650 NDR1/HIN1-ike 2, NHL2 - - 1.59.0.11
AT5G37780 CAM, calmodulin 1 - - 11112263
AT5G26000 Thioglucoside glucohydrolase 1, TGG1, BGLU38 180£0.17 - -
AT5G25980 Giucoside glucohydrolase 2, TGG2, BGLUST - 2842034 -
AT3G14210 Epithiospecifier modifier 1, ESM1 2132024 150£0.47 -
AT1G08470 Striotosidine synthase-like 3, SSL3 - - 0.43+0.15
Cellwall biosynthesis and modification (14)
AT5G49720 Endo-1,4-glucanase, GHOAT, KORRIGAN/RSW2 2132015 - 028+0.15
AT3G14310 Pectin methylesterase 3, PME3 - - 2452043
AT4G33220 Pectin methylesterase 44, PME44 - 2322043 -
AT2G35610 Xyloglucanase 113, XEG113 - 027 £0.02 -
AT4G37800 Xyloglucan endotransglucosylase/hydrolase 7, XTH7 - 0102003 -
AT3G16860 COBRA-lie protein 8 precursor, COBL8 - - 050%0.11
AT1G68560 Alpha-xylosidase 1, XYL1 - - 046 £ 0.03
AT5G64570 Beta-D-xylosidase 4, XYL4 - - 049004
AT4GO1080 TRICHOME BIREFRINGENCE-LIKE 26, TBL26 - 2345035 -
AT5GS5730 FASCICLIN-ike arabinogalactan 1, FLA1 - 1.83£0.10 -
AT2G04780 FASCICLIN-ike arabinogalactan 7, FLA7 - 236036 -
AT1GO3870 FASCICLIN-ike arabinogalactan 9, FLA9 - 3382017 1972014
AT1G28290 Arabinogalactan protein 31, AGP31 - 2902036 -
AT3G09090 Defective in exine formation protein, DEX1 - - 046 +0.13
Signaltansduction @
AT1G28340 Receptor like protein 4, RLP4 2352037 - -
AT1G73080 PEP1 receptor 1, PEPRI, LRR receptor kinase 1792029 - -
AT3G51740 Inflorescence meristem receptor-ike kinase 2, IMK2 334+074 - -
ATAG33430 BRI1-associated receptor kinase, BAK1 3.07+087 - 054+0.06
AT5G48380 BAK1-interacting receptor-ike kinase 1, BIRT - - 0482014
AT3G17840 Receptor-ike kinase 902, RLK902 - - 2160.03
AT1G21270 Wall-associated kinase 2, WAK2 - 064006 -
AT4G22130 STRUBBELIG-receptor family 8, SRF8 - 1,80 0.28 -
Oxidation-reductionprocess (1)
AT5G62630 hipl2 protein precursor, HIPL2 3722070 - -
AT5G63910 Famesylcysteine lyase, FCLY 426081 3112062 -
AT5G21105 Plant L-ascorbate oxidase 2112028 - 195003
AT3G32980 Peroxidase 32, PRX32 - - 204+033
At3g49120 Peroxidase 34, PRX34 - 135005 134003
AT5G67400 Root hair specific 19, RHS19 - 027016 0160.03
AT1G74790 Catalytics 296018 % 4
AT2G01270 Quiescin-sulfhydryl oxidase 2, QSOX2 - - 029004
ATIG76160 SKUS similar 5, SKS5 - - 031008
AT1G41830 SKUS-similar 6, SKS6 - - 024003
AT4G39640 Gamma-glutamy transpeptidase 1, GGT1 - 1.77 £ 027 -
(ERandribosomebiogenesis(2)
AT2G39780 Ribonuclease 2, RNS2, the main endoribonuclease activity in 231033 - -

plant cells.
AT3G15950 DNA topoisomerase related, NAI2, loss of function mutations - 054003 4152027

lacks ER bodies.
Auinbiosynthesisandsignaling @)
AT3GO7390 Auxin-responsive family protein, AIR12 - - 6.00+0.39
AT4G24670 TAR2, auxin biosynthetic process - 2772028 -
AT4GO2980 Auxin binding protein 1, ABP1 - 287072 -

“Indicates glycoprotein abundance relative to the control group upon NaClstress in the WT (T/NT), mns1 mns2 (D/ND), and cgl1-3 (C/NC) background. - denotes no significant
abundance change or undetected. Notably; due to limited space, proteins with more than 1.5-fold changes are listed unless PRX34.
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“1 indicates NaCl: control ratio > 1.5; | indicates NaCl: control ratio < 0.67.
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A Hyp residues av. #Hyp % change

0 1 2 3 4 5 6
pPEAQ-IgA1 Nb-IgA1 26.3 27.9 23.9 16.0 4.8 1 0.1 1.49 100
+Nb-P4H1 overexpression 9.6 125 17.2 254 255 8.0 17 2.75 195
+Nb-P4H4 overexpression 32.0 28.4 19.9 13.7 4.8 1.2 0.1 1.35 20
+Nb-P4H9 overexpression 20.7 235 21.8 20.9 9.7 2.9 0.3 1.85 127
+Nb-P4H10 overexpression 18.0 23.1 27.4 18.6 8.3 3.1 0.5 1.88 130
B Hyp residues av. #Hyp % change
0 1 2 3 4 5 6
pEAQ-IgA1 Nb-IgA1 26.3 27.9 23.9 16.0 4.8 1.1 0.1 1.49 100
+Nb-P4H10-RNAI 35.2 31.0 19.7 6.6 4.0 1.9 1.7 1.26 83
+Nb-P4H1 and P4H10-RNAi 31.5 31.0 20.5 10.8 4.2 1.4 0.7 1.32 87
pPT2M-IgA1 Nb-IgA1 32.2 30.7 18.8 1.4 5.2 1.5 0.3 1.33 100
+Nb-P4H1-RNAi 2341 30.5 23.6 14.4 6.1 1.9 0.4 1.57 119
+Nb-P4H10-RNAI 36.9 31.5 17.1 8.9 41 1.3 0.2 117 88
+Nb-P4H1 and P4H10-RNAi 50.5 27.0 18.7 6.0 25 0.4 0.0 0.84 64

Panel (A) includes the results showing the effect of overexpression of all 4 Nb-P4H proteins (fused to RFP or GFP) on hydroxyproline formation. Panel (B) shows relative
quantification results using silencing constructs for Nb-P4H1 and Nb-P4H10. The two different expression vectors (pPT2M and pEAQ), which display maximal expression
at different time points) for recombinant production of IgA1 are evaluated separately. Values are presented in percent (%) using the summed peak areas of all observed
charge states. The first four isotopic peaks were considered for each of the charge states; in case of ammonium adduct formation only the monoisotopic peak was
considered. The average number of Hyp residues per peptide is listed below (av. #Hyp) together with percent increase or decrease (%change) compared to the wild IgA1
construct (Nb-IgA1). The corresponding mass spectra can be found in Supplementary Figure 6 and in Figure 5.
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Recombinant enzyme Km (wM) Vmax (LM/min)

Nb-P4H1 8 0.03
Nb-P4H4 1900 0.1

Nb-P4H9 72 0.4
Nb-P4H10 66 0.02

Km and vmax values were calculated based on Hanes-Woolf plots Supplementary
Figure 4, panel B1-B4.
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Relative Hydrolysis (%)* Relative Hydrolysis (%)*

Substrate Substrate
nEndo-0S rEndo-0S nEndo-OS rEndo-0S
Mana1-6
Manp1-4GleNAcB1-4GIcNAc-PA - - Manal-2Manal-6, . ¢ R
Manal-3~ 2 3 Mana1-3 ManpB1-4GleNAcp1-4GleNAc-PA
Xylp1 F“?\‘/ll;rx Mana1-2Manal-3 (M7A) 100 100
Manal-6 ( ) Mano1-6
anal-6 + Manal-6 A
Manal-3 Manp1-4GlcNAcp1-4GlcNAe-PA Manal-3 Manp1-4GIcNAcB1-4GleNAc-PA
GleNAcp1-2Manal-3 (GNM5) 229 18.7 Manal-2Manal-2Manal-3 (M7B)90.8 82.6
Manal-6 + + Manal-6 P
Manal-3 - V. . NAc- Manal-6
Mang1.3 AIPI-AGINACBI-4GIENACPA - Manal-2Manal-3 Manp1-4GleNAcB1-4GleNAc-PA
(M4C) Manal-2Manal-3 (M7D)75.0 70.5
Manal-6, Manal1-2Manal-6
Manal-6 + & - +
Mana1-3 ManB1-4GleNAcp1-4GleNAc-PA Manal-3 M L AGIENACHI4GIENAC-PA
Manal-3 (M5A) 283 280 Mangl-2Manal-2Manal-3 (M8A)88.3 915
Mana1.3Mano1-6 PR Manad-6 o6 PO
anal-3 4 ManB1-4GIeNACB1-4GIeNACPA Manq1-2Mang1-3 Manp1-4GleNAcp1-4GleNAe-PA
Manal-2Manal- (M5B) 51.3 525 Manal-2Manal-2Manal-3 (M8C)62.1  56.2
Manal-6,, 16 A Manal-ZManul-GM 16
Manal-3 Manp1-4GIcNAcp1-4GleNAc-PA Manal-2Manal-3" " “ONang1 4GIeNACB1-4GIeNAc-PA T+
Manal1-2Manal-3 (M6B)90.8 91.9 Manal-2Mana1-2Mana1-3 (M9A)g46 69.1

Substrate : 100 pmol, 37°C, 30 min, 0.5 M MES buffer, pH 6.0, with 10 mM EDTA
— not hydrolyzed, + : hydrolyzed (10-35%), ++ : hydrolyzed (36-65%), ++-+ : hydrolyzed (66-100%)
*:The value obtained with M7A was taken as 100.





OPS/images/fpls-12-636597/fpls-12-636597-g003.jpg
Intensity x10"

Intensity x10°

w (2]

N & O OO 0@ -

L (o2}

N

N B O N A O

N

-

= N W »

N IOy 19

A [M+2H]” IgA1/ s B [M+2H]” EPO
1114.58 il 713.86
4_
2,
1 L 1 I
+1 Hyp 1130 57 Nb-P4H1| 713.86 Nb-P4H1
1122. 10
+3 H i
1114.58 m‘ gy g;’ o JL +7121H8)ép »
“.I.l L 1, La m “n il TN L l 1
Nb-P4H4 4 Nb-P4H4
ey "HO0ET g 713.86
1138 57 +4 Hyp ,
B S 1146 1 5 Hy ¥
1154.56 N _
113057 1138.57 Nb-P4H9 | ¢ 713.86 Nb-P4H9
1122. 58 a2
1114;,1.'58 Hagsr 2 dL 721,86 - .
13057 113857 Nb-P4H10 a — Nb-P4H10
.
1122 - 1146.57 ] 721.86
: 1154.56 ||, ,
110 1120 130 1140 1150 1160 700 720 740
3+ = >
c I3 STRUBBELIG | D [%QQQH] Artv 1
o]
41 M+H/NH B
2] “JA[ 888.3 d
L L L N 3 Ay,
+
* 1T 42 Hyp Nb-P4H1 | +4 Hype204) Nb-P4H1
918.47 o 911.89
+3 Hyp 4] +3H + 6 Hyp
907.80 yp yp
I = ? 90439 R .
907.80 Nb-P4H4 | , +2 Hyp904 A0 55 Nb-P4H4
" +1Hy 40
s o 5.0 920.40
| 91847 5| 879.89
1 I_l_‘h [T (TS Il|m Ill.mn T TPRRPTTITTY
918.47 Nb-P4H9 | (! 904.40 Nb-P4H9
913.13 — 4
] 2
™ ll. | lln llhmlu. in ™ N Matalls. 1l
913.13 Nb-P4H10 > 896.40 Nb-P4H10
918.47 904.40
% 888.39 912.40
| 923.80 879.90 920.40
n II. ITTTTH m \ ..“L ki "I. "l [TV T i
910 920 930 m/z 880 900 920 940 m/z






OPS/images/fpls-12-647684/fpls-12-647684-t002.jpg
Mass (m/ 2)

Peptide Sequence

a, 457.5 [(M+2H)2+]
b, 466.2 [(M+2H)2-+]
¢, 519.8 [(M+2H)2+
d, 558.3 [(M+2H)2+]
e, 617.0 [(M+3H)3+]
f, 645.8 [(M+2H)2+]

g, 653.3 [(M+2H)2+]
h, 661.8 [(M-+2H)2+]
i, 666.3 [(M+3H)3+]

j, 752.9 [(M+2H)2+]

k, 789.9 [M+2H)2+]
1, 838.7 [(M+3H)3+]
m, 868.4 [(M+2H)2+]
n, 887.4 [(M+3H)3+]
0, 934.9 [M+2H)2+]
P, 974.5 [(M+2H)2+]
d, 999.0 F(M+2H)2+]

YNVYVEK
GALDWQNK
FFIQPXGR
FHLVPVDSAM
ISWELENKQQAPFMK
NTEETEFPPAR
YPQESAVVAGER
VLGTFITEWEK
KDDVSAAIFAPGWVYETK
AKYPQESAVWAGER
KYDVYMGIDVYGR
QLPFYSDFDQGHGYQVSIEXXK
AYLSEAGNFHLPFNR
SWVTEGXXOOXOOXXXKSKLASLK
DDVSAAIFAPXWVYETK
NTFGGGQWNTNVALDLLK
KDDVSAAIFAXXXVYETK

X means not identified.
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Steps Total Optical Density Total activity (units) Recovery (%) Specific act. (units / mg) Purification fold
(A280 nm x Volume)

Crude Extract 24840.00 305.10 100 0.012 1.0
DEAE-Cellulose 588.00 42.00 13.8 0.071 5.9
Butyl-Toyopearl 13.31 28.86 9.5 2.168 180.7
PH-814 2.92 10.03 3.3 3.436 218.2
Tsk-Gel G3000SWXL 0.18 2.76 0.9 15.165 1263.8

One unit of enzyme activity was defined as the amount of the enzyme releasing 1 nmol of substrate per min at 37°C.
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ATGCTCCCCTCCGCCGLCCCCCGLCCGCCGCCGCCGGAGAAGAAGAAGAAGAAGGCGAGCGGCGGCCGTGGGAGCCGCCCTTCGACGCGTCC
M LPSAAPAAAAGTETETEEEGEIRRPWEWPPTFDAS
CAGCCGGCGCCGCCCATCTCCTACCCCATCACCACGCTCGCGGCGCTCGCCTCCCGCGCCTACCTCTCCGAGGCCGGCAACTTCCACCTC
QPAPPISYPITTILAALASRAYLSEAGNTFHIL
CCCTTCAACCGCGCCTCCTCCTCGCCCCGGGLCCGLGCCGCTCCCGCCCCGGCGCCGCATCCTCGCGTGCCACGACTTCCGGGGCGGGTAC
P F NRASSSPRAAPLUPPRRRTILACHTDTEFEFRTGSGY
CGCGACGACGCGGCGCCGCAGGGGGGCCACGACCCGGGCGCCTACGCGCTCTGGCACTGGCACCTCATCGACGTTTTCGTCTACTTCTCA
R DDAAPO QGG GHTDUPGAYALWHWHTLTITUDVTFVYFS
CACTACCTCGTCACGCTCCCGCCGCCGTGCTGGGTCAACGCCGCCCACCTCCACGGCGTCAAGGTTTTGGGGACGTTCATCACAGAGTGG
HYLVTLU®PPPCWVNAAHTLMHGVYV KV L GT FTITTEW
GAGAAAGGTGCAGAGATCTGCGAGGAGATGCTTGCTACGGAGGCTTCTGCCCAAATGTATGCTGAAAGGCTAACAGAGCTGGCTGCTTAC
E K GAEICEEMLATEASAQMYAERTLTETLAAY
TTGGGCTTTGATGGCTGGCTGATCAATATTGAGGTTAAACTCGACATACAATTCATTGATAACCTGAAAGAATTTATCAATCATCTAACC
L GFDGWLTINTIEVI KLUDTIAO QFTIUDNILIKTETFTINHLT
AAGACAATGCATGCTGCTGTTCCTGGATCATTAGTCATATGGTATGATGCAATTACTATAAAAGGTGCCCTTGACTGGCAGAATAAGCTT
K TMHAAVZPGSLVIWYDAITTIHI KT GATLUDWAQNIK'TL
AACGAGTATAACAAGCCATTCTTTGACTTGTGTGATGGACTGTTTAGCAATTATACTTGGAAGGCAAAATATCCACAAGAATCAGCTGTA
NEYNIKPFFDLUCDG GLT FSNYTWIKAKYZ®PQES AWV
GTTGCTGGTGAAAGGAAGTACGACGTGTACATGGGTATTGATGTTTACGGACGAAACACTTTCGGTGGTGGTCAGTGGAATACCAATGTT
VA GERKYDVYMGIUDVYGRNTEFGGS G QWNTNWV
GCCCTTGATCTACTCAAGAAAGATGATGTCTCAGCTGCCATATTTGCACCTGGATGGGTATATGAAACTAAGCAACCACCTAACTTTCGG
A L DLLKKDUDVSAATITTFAPGWVYETI KA QPPNTFHR
ACTGCACAAAATCGTTGGTGGGGTCTTGTTCAAGAATCATGGGGTGTTCTTCAGAGTTATCCAAAACAGTTGCCTTTTTACTCTGATTTT
TAQNRWWGLVQESWGVLQSY?PKAOQL®PFY SDF

GATCAGGGTCATGGTTACCAGGTATCAATTGAAGGGGTCAAAGTTTATGGTGCTCCATGGGACAATATTTCTTGCCAAAGTTTCCAGCCT
D Q GHGYQVSTIEGVIKVYGAPWDNTISTCOQSTFRQFP
ATGCTGAAATATGCTGGAGATCGAGGTCTGCAAACTGTTATCAATTTCGAGGATGAACCATACAGTGGAGGGAATTGTGTTACAGTGAAG
M LKYAGDTRGLTU OQTVTINTFTETDETPYSGGNT CVTVK
GGAAGTCTCCAGCAGAATGAAATTTTCTCAGAACAGCTTTTTAATGGGGGCCTTTCCATGGAGGGGGAATCTGTATATGTGTTTTATTCA
G SLQQNTETITFSTE® QLTFNGGLSMETGETSVYVTEYS
GTAAAAGCCGATGAACGCTCTGGTTTAGGGTTGTCACTGGATTTGTCATCCGGAAACAATGAGAGCAGTTCCATTCTTATTGCTGATGAC
VKADERSGLGLSTLDTLSSGNNTESSSTITLTIATDTD
ACAGCAGCATTCACAAGAAAGAAACAACACCGAAAATATGGCTCATATGTTAAAGCT GATAAGGCAGAACCACACACTCCAGTTCACCAA
TAAFTRIKIEKI QHRIKYGSYVKADTEKAETPHTTPVHDQQ

AATTGGGTTGTCTACAAAGCAACTATCCTGCCCAGTGCTGGCTTTACATTAACTGGGATCAACATAGTCTGCACAATGAAAACCACTAGC
NWVVYKATTILPSAGEFTILTS GTINTIVCTMKTTS
GGAACTGATCCAGAAACAGATGGAGATGGAAGCTCAGAAGCAGGTGCAAACAGATCATTGCATTACCATGCATCGCTTGGCCATGTTAGC
G TDPETWDGDG GSSEAGANRSTILHYHASTLGHVS
ATTCGAAACACT GAAGAAACAGAGTTCCCTCCAGCAAGATCATGGGTGACGGAAGGCGATTACATCTCCTGGTCGAATGGTTCAGATGAA
I R NTEETEFPPARSWVTEGDYTIS SWSNGS STUDE
TCTAAACTTGCAAGCCTGAAAATCAGTTGGGAACTTGAAAATAAACAGCAGGCACCATTCATGAAGTACAATGTCTATGTTGAGAAGTTA
S KL ASLIKTJ SWETLENKQQAPFMIKYNVYVEKTL
ACTGCAGACTCAAATGCAAAGGCTCCCAGAATTTTCCTTGGAGTTGCCAGCGTACAAGTCTTCTATGTATCTGACCTAGAGGTCCCCAGC
T ADSNAKAPRTITFLGVASVQVFYVSDLEWVFPS
GAAGTCACTGCTCTGAAATTTTTCATTCAACCGTGTGGGCGTGATGGGAGTTGCCAAGGACTGCACGAATGCCCAAAGTTCCATTTGGTT
EVTALIKE EFTIQPCGRDSGSU CCQGLHET CPI KT EHTLYV
CCTGTTGATTCTGCCATGTAA
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mAbs/reagent

JIM4

JIM8

JIM13

JIM14

JIM15

JIM16

JIM84

JIM101
JIM133

LM2

LM14

MAC204

MAC207

PN16.4B4

B-Glc Yariv (synthetic dye)

Species origin

Daucus carota

Beta vulgaris

Daucus carota

Daucus carota

Daucus carota

Daucus carota

Daucus carota

Gymnocolea inflata
Zinnia elegans

Oryza sativa
Arabidopsis
thaliana
Pisum sativum

Pisum sativum

Nicotiana glutinosa

Tissue origin

Suspension cultured
cells
Suspension cultured
cells
Suspension cultured
cells
Suspension cultured
cells
Suspension cultured
cells
Suspension cultured
cells

Suspension cultured
cells

Extracted AGPs

Tracheary element cell

walls
Suspension cultured
cells
Mixed leaves, stems
and roots
Peribacteroid
membrane
Peribacteroid
membrane
Suspension cultured
cells

Minimal epitope recognized

B-GlcA-(1 — 3)-a-GalA-(1 — 2)-Rha
unknown
B-GIcA-(1 — 3)-a-GalA-(1 — 2)-Rha

B-Gal-(1 — 6)-p-Gal-(1 — 6)-p-Gal-
(1—06)
unknown

B-Gal-(1 — 6)

B-Gal-(1 — 3)-p-Gal-(1 — 3)-B-Gal-
(1—3

a-L-Fucp-(1 — 4)-B-D-Galp-(1 — 3)-B-
D-GlcpNAc-R

unknown

B-Gal-(1 — 3)-p-Gal-(1 — 3)-p-Gal-
1—-3

B-GIcA-(1 — 6)-p-Gal-(1 — 6)-p-Gal-
(1 — 6)-p-Gal-(1 — 6)

Unknown

Unknown
B-GlcA-(1 — 3)-a-GalA-(1 — 2)-Rha
Unknown

B-Gal-(1 — 3)-p-Gal-(1 — 3)-p-Gal-
(1 = 3)-p-Gal-(1 — 3)-p-Gal)n- 5

References

Knox et al., 1989; Yates et al., 1996

Pennell et al., 1991

Knox et al., 1991; Yates et al., 1996

Knox et al., 1991; Yates et al.,
1996; Ruprecht et al., 2017

Knox et al., 1991; Yates et al., 1996

Knox et al., 1991; Yates et al.,
1996; Ruprecht et al., 2017

Horsley et al., 1993

Pattathil et al., 2010

Pattathil et al., 2010; Ruprecht
etal., 2017

Smallwood et al., 1996; Ruprecht
et al., 2017

Moller et al., 2008

Bradley et al., 1988

Pennell et al., 1989; Yates et al.,
1996

Norman et al., 1986; Pattathil et al.,
2010

Yariv et al., 1967; Kitazawa et al.,
2013; Paulsen et al., 2014
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Activity

GHs in N-glycan processing and degradation

a-(1 — 2)-glucosidase |

a-(1 — 3)-glucosidase Il
ER a-(1 — 2)-mannosidase
Golgi a-(1 — 2)-mannosidase |

Golgi a-(1 — 3/6)-mannosidase |l
a-(1 — 3/4)-fucosidase

B-(1 — 3/4)-galactosidase
B-hexosaminidases

Lytic enzymes acting on type-ll AGs glycans of

AGPs
FVEN3GAL
exo-p-(1 — 3)-galactanase

endo-B-(1 — 6)-galactanase
B-(1 — 3),(1 — 6)-galactanase

B-(1 — 3),(1 — 6)-galactanase
a-L-arabinofuranosidase

Bacteroides thetaiotaomicron
B-L-arabinopyranosidase

B-glucuronidase

4-5-anhydro-glucuronidase

a-L-rhamnosidase

a-L-rhamno-glucurono lyase
exo-a-L-(1 — 2)-fucosidase

Lytic enzymes acting on glycans in EXTs
B-L-arabinofuranosidase

B-L-(1 — 2)-arabinofuranosidase

B-L-(1 — 2)-arabinofuranosidase

a-L-(1 — 3)-arabinofuranosidase
Arabinofuranosidase-(1 — 4)-Hyp

CAZy family

63

31
47
47

38
29

35
20

16
43

43
30
30
35
35
54

127
27
27
79
79
79

154

105
28
78

106

pPL27

95
95

121
121

43
127

Protein name

GCSI/KNF-14

GCSII/RSW3
MNS3
MNS1/MNS2/GMI

GMI/HGLA
FUCA

BGALA1
HEXOs

FVEN3GAL
I11,3Gal

Tv6GAL
Nc6GAL
RsBGALA1
SITBG1
NcAraf1
RsAraf1

SaArap27A
AtAPSE
NcGlcAase
AnGlcAase
AtGUS2

SaRha78A

AfcA

HypBA2
XeHypBA2
(XCVv2729)

XeHypAA (XCV2728)
XeHypBA1 (XCV2724)

Species

A. thaliana

A. thaliana
A. thaliana
A. thaliana
Glycine max
A. thaliana

Prunus dulcis (almond), A.
thaliana

Nicotiana benthamiana
A. thaliana

Flammulina velutipes
Irpex lacteus

A. thaliana
Trichoderma viride
Neurospora crassa
Raphanus sativus

Solanum lycopersicum
Neurospora crassa

A. thaliana, Raphanus sativus
(radish), and Bacteroides
thetaiotaomicron

Streptomyces avermitilis
A. thaliana
Neurospora crassa
Aspergillus niger
A. thaliana
Bacteroides thetaiotaomicron,
Bacteroides thetaiotaomicron
Aspergillus niger
Streptomyces avermitilis
Sphingomonas paucimobilis
Bacteroides cellulosilyticus
Bifidobacterium bifidum
Aspergillus nidulans
Xanthomonas manihotis

Bifidobacterium bifidum
Bifidobacterium bifidum
Xanthomonas euvesicatoria

Xanthomonas euvesicatoria
Xanthomonas euvesicatoria

References

Boisson et al., 2001; Gillmor
et al., 2002

Burn et al., 2002
Liebminger et al., 2009
Liebminger et al., 2009
Nebenfihr et al., 1999

Strasser et al., 2006

Zeleny et al., 2006; Kato et al.,
2018

Kriechbaum et al., 2020

Strasser et al., 20074g;
Liebminger et al., 2011

Kotake et al., 2011

Tsumuraya et al., 1990; Kotake
et al., 2009

Nibbering et al., 2020
Kotake et al., 2004
Takata et al., 2010
Kotake et al., 2005

Edaet al., 2014
Takata et al., 2010
Kotake et al., 2006

Cartmell et al., 2018
Ichinose et al., 2009
Imaizumi et al., 2017
Konishi et al., 2008

Eudes et al., 2008
Cartmell et al., 2018
Cartmell et al., 2018

Martens-Uzunova et al., 2006
Ichinose et al., 2013

Miyata et al., 2005)

Cartmell et al., 2018
Katayama et al., 2004
Pogorelko et al., 2016

Wong-Madden and Landry,
1995

Fuijita et al., 2014
Fuijita et al., 2011
Nakamura et al., 2018

Nakamura et al., 2018
Nakamura et al., 2018

Please also see Silva et al. (2020) for GHs acting on type-Il AG O-glycans of AGPs.
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Activity

GTs in N-glycan processing

B-(1 — 2)-N-acetylglucosaminyltransferase
I

B-(1 — 2)-N-acetylglucosaminyltransferase
I

B-(1 — 2)-xylosyltransferase

a-(1 — 3)-fucosyltransferase

B-(1 — 3)-galactosyltransferase 1
a-(1 — 4)-fucosyltransferase
P4Hs in AGPs/EXTs processing
Prolyl-4-hydroxylase

GTs in AGPs processing
Hyp-O-galactosyltransferase

B-(1 — 3)-galactosyltransferase

B-(1 — 6)-galactosyltransferase

B-glucuronosyltransferase

a-fucosyltransferase

B-arabinosyltransferase

GTs in EXTs processing
Hyp-O-arabinosyltransferase
B-(1 — 2)-arabinosyltransferase
B-(1 — 2)-arabinosyltransferase
a-(1 — 3)-arabinosyltransferase
Serine-O-galactosyltransferase

CAZy family

61
10
31
10

31

31

29
31
14

37

7

95
77
77
47
96

Protein name

GnTI/CGL1/GIcNAc-T1

GnTIl

XYLT
FUT11/FUT12
GALT1
FUT13/FucTC

CrP4H1
P4H2,P4H5,P4H13

GALT2-GALT6; HPGT1-HPGT3
(GALT15-GALT17)

GALT14 (KNS4/UPEX1)
GALTO (At1g77810)
GALT31A
GALT29A
GALT31A
GICAT14A-GICAT14E

FUT4
FUT6
FUT7
RAY1

HPAT1-HPAT3
RRAT-RRA3
XEG113
EXAD
SGT1/SerGT1

References

von Schaewen et al., 1993; Strasser et al., 1999a

Strasser et al., 1999b

Strasser et al., 2000

Leiter et al., 1999

Strasser et al., 2007b

Wilson et al., 2001; Bakker et al., 2001

Koski et al., 2007, 2009; Velasquez et al., 2011
Velasquez et al., 2015a

Basu et al., 2013, 2015a,b; Ogawa-Ohnishi and
Matsubayashi, 2015

Suzuki et al., 2017; Liet al., 2012

Qu et al.,, 2008

Geshi et al., 2013; Ruprecht et al., 2020
Dilokpimol et al., 2014

Knoch et al., 2014

Knoch et al., 2013; Dilokpimol et al., 2014;
Lopez-Hernandez et al., 2020; Zhang et al., 2020

Wau et al., 2010; Liang et al., 2013; Tryfona et al., 2014

Ruprecht et al., 2020
Gille et al., 2013

Ogawa-Ohnishi et al., 2013; Velasquez et al., 2015a
Egelund et al., 2007; Velasquez et al., 2011

Gille et al., 2009; Velasquez et al., 2011

Moller et al., 2017

Saito et al., 2014; Velasquez et al., 2015a

In addition, prolyl-4-hydroxylases (P4Hs) are included. Please also see Showalter and Basu (2016) and Silva et al. (2020) for GTs acting in AGP/EXT O-glycan processing.
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Criteria for guide RNA (gRNA) Selection

General rules:

. GC content 40%-60%

. Guide RNA targeting upstream of a gene
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Arabidopsis thalana
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UniProt Name Potential Predicted Localization Proposed Function
Accession N-glycosylation sites

A. thaliana stems

080434 Laccase 4 (RX12) 14 Secreted Lignin biosynthesis
QOLFW3 COBRA-like protein 4 (COBL4) 8 Secreted (GPl-anchored) Cellulose biosynthesis
Q38890 Endoglucanase 25 (KORRIGAN) 8 Plasra membrane Cellulose biosynthesis
QBLED3 Protein trichome birefringence-like 3 6 Golgi apparatus Deposition of cellulose
(TBL3)
QOLE4S O-fucosyltransferase family protein (SUB1) 11 Golgi apparatus Transfer of glycosyl-residues
A. thaliana siliques
Q38890 Endoglucanase 25 (KORRIGAN) 8 Plasma membrane Cellulose biosynthesis
080434 Laccase 4 (IRX12) 14 Secreted Lignin biosynthesis
QOFJDS Laccase 17 (LAC17) 15 Secreted Lignin biosynthesis
QOLFW3 COBRA-like protein 4 (COBLA) 8 Secreted (GPI-anchored) Celulose biosynthesis
QOLMGT Probable inactive purple acid phosphatase 8 Secreted Protein of unknown function
2 (PAP2)
QBLED3 Protein trichome birefringence-like 3 6 Golgi apparatus Secondary cell wall biosynthesis
(TBL3)
FAIH21 Protein trichome birefringence-like 33 6 Golgi apparatus Secondary cell wall biosynthesis
(TBL33)
0. sativa shoots
Q30643 Dirigent protein (JAC1) 5 Secreted Biosynthesis of ignans,
flavonolignans, and alkaloids
Q8H8C7 Chitin elicitor-binding protein (CEBIP) i Plasma membrane Chitin binding
QBK7XO 050290615800 protein 21 Plasra membrane Receptor kinase
QBF3A5 Beta-lg-H3 domain-containing protein 2 Secreted Cell surface adhesion protein
QBZFHY Glycerophosphodiester Phospodiesterase 12 Secreted Lipid metabolism
QBESFO Germin-like protein 2-4 2 Secreted Plant defense

Proteins were affinity-puriied using the JIM84 antibody and identified via mass spectrometry using peptide mapping. The number of potentiel N-glycosylation sites is based on prediictions
using the NetNGiyc 1.0 Server (http://www.cbs.citu.ok/services/NetNGlycy). The localization and proposed function are besed on information from the UniProt-database (https://www.
uniprot.org/) and predictions using TargetP (http://www.cbs.dtu.dk/services/ TargetP)).
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Microalgae species

Chlorophyta
Chlorella sp.

Chlamydomonas reinhardltii

Botryococcus braunii

Scherffelia dubia

Tetraselmis striata

Volvox carteri

Rhodophyta
Porphyridium sp.

Diatoms
Phaeodactylum tricornutum
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New insights about

N-glycosylation

First insights regarding N-glycosylation pathway in Chlorella vulgaris. 1dentification of O-methylated
oligomannoside N-glycans.

Analysis of N-glycans in a strain collection and commercial products derived from C. vulgaris and
C. sorokiniana highlighted for the first time a huge heterogeneity of N-glycan structures and the presence of
arabinose residues in N-glycans that has never been reported before.

First glycomic and glycoproteomic analysis carried out on total and membrane-bound proteins
demonstrated that the N-glycosylation results from a GnT I-independent process.

Revision of the ER N-glycosylation pathway based on the demonstration that C. reinhardtii synthesizes a
non-canonical MansGNAGC,. Heterologous expression of functional GnT | was shown to have no impact on
C. reinhardltii N-glycosylation process, although physiology of the transformant cells was impaired.

First Structural analysis of the LLO confirming the absence of luminal ER mannosylation steps.

First functional analysis of the xylosyltransferase XylTA. The regulation of N-glycans trimming by ManlA
isoform depends on the presence of the core B(1,2)-xylose residue.

Analysis of the respective roles of the two xylosyltransferases, XyITA and Xy[TB, in the maturation of the
N-glycans. Identification of additional XyIT putative candidates.

The knockdown of a fucosyltransferase candidate did not impair the fucosylation of the N-glycans.

A N-glycoproteomic analysis performed on total cell extract revealed N-glycan structures synthesized via a
GnT I-dependent pathway. Mature N-glycans harbor O-methylated hexoses.

Analysis of proteins from Golgi membrane fractions by Eastern blot suggests the presence of complex and
oligomannoside N-glycans.

Glycosidase treatments of flagellar proteins, followed by Eastern blot analysis showed the presence of
complex and oligomannoside N-glycans.

First evidence of a truncated LLO synthesis pathway in a microalgae specie.

Enzyme sequencing experiments suggested that secreted proteins carry complex N-glycans bearing a core
B(1,2)-xylose residue.

N-glycans isolated from a cell wall glycoprotein are O-methylated oligomannosides carrying xylose residues.
Identification of genes encoding enzymes related to the ER N-glycosylation pathway.
Identification and functional characterization of the a(1,3)-Glucosidase Il acting within the ER.

First report of the N-glycan structures in the diatom P, tricornutum

Functional characterization of GnT I, which was the first glycosyltransferase from microalgae to have been
characterized.

Characterization of the N-glycans harbored by a recombinant monoclonal antibody directed against the
Hepatitis B virus surface antigen produced in P. tricornutum.

Elucidation of the LLO structure.

Functional characterization of a core fucosyltransferase (FucT) and demonstration of the existence of a
sub-compartmentation of Golgi enzymes (GnT | and FucT) as reported in plants and mammals.

Euglenozoa
Euglena gracilis De La Canal and Parodi, First evidence of the synthesis of the GlcgMangGIcNAc,-PP-Dol precursor.
1985
O'Neill et al., 2017 Mass spectrometry analysis carried out on PNGase F released N-glycans showed that the major part of the
N-glycans are oligomannosides. Minor part of the N-glycan population possesses a non-reducing extremity
modified by the addition of a 2-aminoethylphosphonate group.
O-glycosylation
Chlorophyta
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Chlamydomonas reinhardtii

Volvox carteri

Scenedesmus obliquus
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First report of hydroxyproline-linked arabinosides in the cell wall.

The alkaline hydrolysis of a crude cell wall fraction released a striking variety of hydroxyproline-O-glycosides,
including mostly hydroxyproline-linked arabinosides with one or two Ara residues, as well as
hydroxyproline-O-galactose.

First elucidation of the O-glycosylation pathway in C. reinhardtii. O-glycoprotein from chaotrope-soluble cell
wall shows extensins like structure with a core Hyp-O-Ara-Ara. Two arabinosyltransferases, one
galactofuranosyltransferase and methyltransferases might be involved in the O-glycan biosynthesis.

Characterization of the prolyl-4-hydroxylase, which efficiently hydroxylates the proline residues of synthetic
peptides. It's down-regulation in C. reinhardltii affect the assembly of its cell wall.

Characterization of the peptidyl-serine a-galactosyltransferase (SERGT1) from the GT96 CAZy family. This
enzyme is responsible for the transfer of a single a-galactopyranose residue to each Ser residue in
Ser-(Hyp)s.

Enzyme sequencing experiments suggest that O-glycans are exclusively bound to threonine residues and
correspond to short oligosaccharides (up to three sugar residues) composed of Ara, Gal and Xyl.

Cell wall of S. obliquus contains a glycoprotein homolog to the C. reinhardltii cell wall GP3B.

Biochemical analyses of cell wall constituents revealed various plant-like AGPs epitopes.

No O-glycan specific signature has been observed in E. gracilis after PNGase F and p-elimination
treatments.

Nucleotide-sugars and transporters
Bioinformatic analysis of nucleotide-sugar transporters.

Functional characterization of a GDP-fucose transporter, first nucleotide-sugar transporter from microalgae
to have been characterized.
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Genes Mutants Mutation  Mutant Phenotypes References
Localization
glcatlda-1 (SALK_064313)  Exon Reduced of GlcA substitution on AGPs (glcat 4a, gleat14a-2, Knoch et al., 2013;
GLOATI4A  glcatida-2 (SALK 043905)  Exon glcatl4b-1, glcat14d-1, gleat14e-1, gicat1daglcat 14b, Dilokpimol and Geshi, 2014;
glcat14a (CRISPR-Cas9) Exon glcat14a-2/b-1, gleat14bgicat14c, glcat14aglcat 14bgicat 14c, Lopez-Herandez et al., 2020;
GloaTiap  9catldb (CRISPR-Caso) Exon glcat1da-2/b-1/d-1, gleat14a-2/b-1/d-2, and glcat14a-2/b-1/e-1);  Zhang et al., 2020
glcat1db-1 (SALK_080928)  Exon increase of Gal and Ara in AGPs (glcat14c, gicat14agicat14b,
GLCATIAC  gleatldc (ORISPRCas9)  Exon glcatldbglcat14c, and gleat14agicat1bgleat14c); recuction of Ara
GloaTiap  dleatldd-1 (GKIG3RO50T)  Bron in AGPs (gleat 1 4a-1 and gicat14a-2); reduced amount of
gleat14d-2 (GK508D01) Intron glycosylated AGPs (glcat14c, gloat14agicat14b, and
gleat14agicat14bglcat14c); reduction in Ca?* binding capacity of
AGPs (glcat14b, glcat14c, glcat14agicat14b, gicat14bglcat14c,
glcattdaglcat14bgicat1dc, and gleat14a-2/b-1/a-1); enhanced cell
elongation in seedlings (gicat14a-1 and glcat14a-2); recuced seed
coat mucilage (glcat14b, glcat14c, gicat14aglcat14b,
gleat14bgleat14c, and gleat14aglcat14bglcat 14c); delayed seed
germination and reduced root har length (gicat14aglcat 14b and
gleattaglcat14bgicat1c); reduced trichome branching
GICATIE  iglatide:] BALK.022820)  Intion (gleat14agicat14b, gicat14a-2/b-1, glcat14agicat14bgicat14c,
glcat14a-2/b-1/d-1, and gicat14a-2/b-1/d-2); shorter siliques and
reduced seed production (gicat14bglcat14c and
glattaglcat14bglcat14c); small and defective pollen that falled to
germinate (gleat14aglcat14b and gicat 14agleat14bgicat14c); shorter
inflorescence stems (glcat 14a-2/b-1 and gleat14a-2/b-1/d-1);
smaller etiolated hypocotyls and altered [Ca?*]cyt signature on roots.
(glcat14a-2/b-1/e-1)
GALT29A = - - Diokpimol et al. 2014
i galt2-1 (SALK_117233) Bon Basu et al,, 2013, 20152
ga2-2 (SALK_141126) Exon Lower GALT activities and reduced p-Yariv-precipitable AGPs; root
i galt3-1 (SALK_085633) Promoter and pollen tubes sensitivity reduction to B-Yariv reagent; reduced
galt3-2 (SALK_005178) Promoter growth and root tip swelling in response to salt and sucrose;
i galtd-1 (SALK_136251) Bon reduced root hair length and density (galt2, galt3, galt5, and
galt4-2 (SALK_131723) Bxon galt2gals), seed production (galtd and galte), and seed coat
- galt5-1 (SALK_105404) 5UTR mucilage (galt3, galt6, and gall2galt5); premature senescence
galt5-2 (SALK_115741) Bon (galt6);, and large number of rosette leaves, delayed flowering, and
— galt6-1 (SAIL_59_D08) Bon shorter siiques (galt2galt5)
galt6-2 (SAIL_70_B02) Bon
HPGT1 hpgt1-1 (SALK_007547)  Intron Longer lateral roots, longer and denser root hairs, shorter Ogawa-Ohnishi and
HPGT2 hpgt2-1 (SALK_070368) Exon inflorescence stems, and shorter siliques (hpgt2-1, hpgt3-1, and Matsubayashi, 2015
hpatihpgt2hpgt) and thicker roots, smaler rosette leaves, shorter
HRGTS Hpgto=T, (SALK_000405) Bon petioles, and reduced fertilty (hpgthpgt2hpgt3)
Atig77810 - & : Quetal., 2008
KNS4 . . s Suzukiet al, 2017
GALT31A galt31a (FLAG_379B06) Bron Embryo development arrested at the globular stage Geshietal., 2013
i futd (SAIL_284_B0S) Bon Wu etal., 2010; Liang et al,
futd-2 (SALK_125310) Bon Reduced root growth under salt stress (fut4, fut6, and futdfute) and  2013; Tryfona et al,, 2014
o fut6 (SALK_099500) Bon lack of fucose in leaf and root AGPs (fut4fute)
fut6-2 (SALK_078257) Bon
ray1-1 (SALK_063158) Bxon Reduced level of arabinose in their AGPs in efilated seedings, roots Gie et al, 2013
RAY1 12 GK.001009) o and rosette leaves; reduiced oot growth; and reduced rosette and
inflorescence size
AaM1 agm1-1 (SALK_000253) Bon Tomple et al, 2019
agm2-1 (GABI_054A04) Bxon Reduction on GleA methylation (agm); absence of GicA methylation
AGM2 agm2-2 (SALK_057182) 5 UTR (agm1agm2)
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Gene ID Lectin family Pfam Description (according to Phytozome) Close SUBA LocTree3 cPAR iFIB tFIB sXYL
A.thaliana
homologs
Lus10020080 GNA PF01453 S-locus lectin protein kinase family protein AT4G21390 PM PM
Lus10010867 Legume PF00139 Concanavalin A-like lectin protein kinase AT3G55550 PM PM
family protein
Lus10021117 PF00139 Concanavalin A-like lectin family protein AT5G01090 extracellular PM
Lus10024365 PFO0139 Concanavalin A-like lectin protein kinase AT3G55550 PM PM
family protein
Lus10005582 Malectin PF11721 Di-glucose binding protein with Kinesin AT1G72250 nucleus ER 334
motor domain
Lus10013714 PF11721 Di-glucose binding protein with Kinesin AT1G72250 nucleus cytoplasm 450
motor domain
Lus10025708 PF11721 Di-glucose binding protein with Kinesin AT2G22610 nucleus cytoplasm
motor domain
Lus10035954 PF11721 Di-glucose binding protein with Kinesin AT2G22610 nucleus cytoplasm
motor domain
Lus10005769 Nictaba PF14299 phloem protein 2-A13 AT3G61060 cytosol chlcroplast
Lus10025643 LysM PFO1476 lysm domain GPI-anchored protein 1 AT1G21880 PM
precursor
Lus10018191 PF0O1476 lysm domain GPI-anchored protein 1 AT1G21880 PM
precursor
Lus10022345 PF01476 Protein kinase superfamily protein AT3G01840 PM
Lus10003343  Galactose-binding lectin PF02140 beta-galactosidase 10 AT5G63810 extracellular secreted
Lus10022645 PF02140 beta-galactosidase 10 AT5G63810 extracellular secreted
Lus10025980 PF02140 beta-galactosidase 3 ATAG36360 extracellular 323 328
Lus10014278 PF02140 beta galactosidase 9 AT2G32810 vacuole ]
Lus10016109 Amaranthin PFO7468  PFO7468 - Agglutinin domain (Agglutinin) - = secreted 205

A pairwise comparison (log2FC > 1, padj > 0.07) was made with tissue samples that deposit secondary and tertiary cell walls. The gene description includes the gene ID according to Phytozome v12.1.6 (https:
//phytozome.jgi.doe.gov/pz/portal.htmi; Goodstein et al., 2012); the lectin family name that was used in present study; the Pfam domain by the presence of which lectin family members were distinguished; the gene
description according to Phytozome v12.1.6; Arabidopsis thaliana homolog for a flax gene according to flax genome annotation (Wang et al., 2012); subcellular localization of A. thaliana homologs for flax lectins
(corrected protein sequences presented in Supplementary File 1 were used) according to the SUBA4 database (https://suba.live/; Hooper et al., 2017); and subcellular localization of flax lectins according to the
LocTree3 prediction tool (https://rostlab.org/services/loctree3/; Goldberg et al., 2014). The red-blue heat map indicates that the mRNA abundance expressed in TGR (total gene reads) values and the color gradient
reflects TGR values of 1 to 1000. Abbreviations: SAM, shoot apical meristem; cPAR, cortical parenchyma; iFIB, phloem fibers at the stage of intrusive elongation; sXYL, stem xylem with secondary cell wall; tFIB, phloem
fibers depositing tertiary cell walls; PM, plasma membrane; ERM, endoplasmic reticulum membrane.
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Gene ID Lectin family Pfam Description (according to Phytozome) Close SUBA LocTree3 SAM cPAR iFIB tFIB sXYL
A.thaliana
homolog
Lus10000579 GNA PFO1458  D-mannose binding lectin with Apple-ike ~ AT1G78850  extracellular ~ secreted - 231
carbohydrate-binding domain
Lus10034637 PFO1453  S-locus lectin protein kinase AT1G11340 PM PM 73 48
Lus10041680 PFO1453 pleiotropic drug resistance 12 AT1G156520 PM PM 74 84
Lus10043391 PFO1453  S-domain-2 5 AT4G32300 PM PM 72 176
Lus10016833 Legume PFO0139 Concanavalin A-like lectin protein kinase AT5G10530 PM PM 70 84
Lus10017194 PFO0139 Concanavalin A-like lectin AT5G01090 extracellular PM
Lus10019923 PF00139 Concanavalin A-like lectin protein kinase AT3G53380 PM PM
Lus10035542 PFO0139 Concanavalin A-like lectin AT5G01090 extracellular PM
Lus10036986 PFO0139 Concanavalin A-like lectin protein kinase AT5G06740 PM PM
Lus10005418 Malectin PF11721 receptor-like kinase in flowers 1 AT1G29750 PM PM
Lus10005550 PF11721 Leucine-rich repeat transmembrane protein ~ AT1G53440 PM PM
kinase
Lus10010951 PF11721 Leucine-rich repeat transmembrane protein ~ AT1G07650 PM PM
kinase
Lus10014185 PF11721 Malectin/receptor-like protein kinase AT3G51550 PM PM
Lus10015239 PF11721 receptor-like kinase in flowers 1 AT1G29750 PM PM
Lus10015320 PF11721 receptor like protein 4 AT1G28340 PM cytoplasm
Lus10017478 PEIHZ21 Malectin/receptor-like protein kinase AT4G39110 extracellular PM
Lus10027509 PF11721 Protein kinase AT5G24010 PM PM
Lus10028140 PF11721 hercules receptor kinase 1 AT3G46290 PM PM
Lus10028805 PF11721 Malectin/receptor-like protein kinase AT4G39110 extracellular PM
Lus10031374 PF11721 Leucine-rich repeat transmembrane AT1G07650 PM PM
Lus10034275 PF11721 Di-glucose binding protein with AT1G25570 golgi PM
Leucine-rich repeat domain
Lus10037887 PF11721 protein kinase AT5G54380 PM PM
Lus10041488 PF11721 Di-glucose binding protein with AT1G25570 PM PM
Leucine-rich repeat domain
Lus10042844 PF11721 hercules receptor kinase 1 AT3G46290 PM PM
Lus10005769 Nictaba PF14299 phloem protein 2-A13 AT3G61060 cytosol chloroplast
Lus10007926 PF14299 phloem protein 2-B10 AT2G02360 nucleus chloroplast
Lus10008642 PF14299 phloem protein 2-A15 AT3G53000 cytosol chloroplast
Lus10013463 PF14299 phloem protein 2-B10 AT2G02360 nucleus nucleus
Lus10024494 PF14299 phloem protein 2-A12 AT1G12710 cytosol chloroplast
Lus10006841 LysM PFO1476 protein kinase/peptidoglycan-binding LysM  AT1G51940 PM PM
domain-containing protein
Lus10029925 PFO1476 peptidoglycan-binding LysM AT1G55000 PM nucleus
domain-containing protein
Lus10037586 PFO1476 protein kinase/peptidoglycan-binding LysM  AT1G51940 PM PM
domain-containing protein
Lus10000701  Galactose-binding lectin PFO2140 beta galactosidase 1 AT3G13750 extracellular secreted
Lus10003343 PF02140 beta-galactosidase 10 AT5G63810 extracellular secreted
Lus10016655 PF02140 beta galactosidase 9 AT2G32810 vacuole cytoplasm
Lus10022645 PF02140 beta-galactosidase 10 AT5G63810 extracellular secreted
Lus10025980 PF02140 beta-galactosidase 3 AT4G36360 extracellular PM
Lus10028348 PF02140 beta-galactosidase 3 AT4G36360 extracellular PM
Lus10041798 PF02140 beta-galactosidase 3 AT4G36360 extracellular PM
Lus10002456 Malectin-like PF12819 Leucine-rich repeat (LRR) protein AT3G05990 extracellular PM
Lus10010528 PF12819 Leucine-rich repeat (LRR) protein AT3G 19230 extracellular PM
Lus10015057 PF12819 Leucine-rich repeat protein kinase AT2G37050 PM PM
Lus10022728 PF12819 Malectin/receptor-like protein kinase AT3G51550 PM PM
Lus10023166 PF12819 Leucine-rich repeat protein kinase AT2G37050 PM PM
Lus10037051 PF12819 Leucine-rich repeat protein kinase AT1G67720 PM PM
Lus10004256 Galectin-like PFO0337 Galactosyltransferase AT5G62620 golgi GM
Lus10030467 PFO0337 Galactosyltransferase AT1G26810 extracellular GM
Lus10032650 PFO0337 Galactosyltransferase AT3G06440  mitochondrion GM
Lus10036154 PFO0337 Galactosyltransferase AT4G21060 ER, golgi GM
Lus10036686 PFO0337 Galactosyltransferase AT5G62620 golgi GM
Lus10037238 PFO0337 Galactosyltransferase AT5G62620 golgi GM
Lus10042164 PFO0337 Galactosyltransferase AT5G62620 golgi GM
Lus10010923 Calreticulin PF00262 calreticulin 1a AT1G56340 ER ER
Lus10010924 PFO0262  calreticulin 1a AT1G56340 ER ER
Lus10020222 PFO0262  calreticulin 3 AT1G08450 ER ER
Lus10026849 PFO0262  calreticulin 3 AT1G08450 ER ER
Lus10031409 PFO0262  calreticulin 1a AT1G56340 ER ER
Lus10031410 PFO0262  calreticulin 1a AT1G56340 ER ER
Lus10032521 PFO0262  calnexin 1 AT5G61790 ER ER
Lus10043021 PFO0262  calnexin 1 ATEG61790 ER ER
Lus10006866 Jacalin PFO1419 Mannose-binding lectin AT1G73040 cytosol cytoplasm . 255
Lus10023500 C-type PFO0059 kinase/C-type lectin domain-containing AT1G52310 PM PM 120 97 75 119 95
protein
Lus10040381 PFO0059 kinase/C-type lectin domain-containing AT1G52310 PM PM 285 298 ‘ 191 159 126
protein
Lus10006551 EUL PF14200  hydroxyproline-rich glycoprotein AT2G39050 nucleus nudeus  [MO0NN 241 [NGSONN [NSGANN [i4Ee

Only genes with TGR > 50 in at least one sample are given and the rest are presented in Supplementary File 3. The gene description includes the gene ID according to Phytozome v12.1.6 (https://phytozome.
jgi.doe.gov/pz/portal.html; Goodstein et al., 2012); the lectin family name that was used in present study, the Pfam domain by the presence of which lectin family members were distinguished, the gene description
according to Phytozome v12.1.6; Arabidopsis thaliana homolog for a flax gene according to flax genome annotation (Wang et al., 2012); subcellular localization of A. thaliana homologs for flax lectins according to the
SUBA4 database (https.//suba.live/; Hooper et al., 2017); and subcellular localization of flax lectins (corrected protein sequences presented in Supplementary File 1 were used) according to the LocTree3 prediction
tool (https://rostlab.org/services/loctree3/; Goldberg et al., 2014). The red-blue heat map indicates that the mRNA abundance expressed in TGR (total gene read) values and the color gradient reflects TGR values of 1
to 500. Abbreviations: SAM, shoot apical meristem; cPAR, cortical parenchyma; iFIB, phloem fibers at the stage of intrusive elongation; sXYL, stem xylem with secondary cell wall; tFIB, phloem fibers depositing tertiary
cell walls; PM, plasma membrane; ER, endoplasmic reticulum,; GM, Golgi membrane.
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Family (according Tsaneva and Jiang et al., Designation Pfam ID Number of family Number of family Number of family = Number of family Description
to Phytozome) Van Damme, 2010 used in this members in the members expressed members with SP members with (according to
2020 article flax genome in flax stem TM/* Phytozome)
B_lectin GNA B_lectin GNA PFO1453 102 88 104 97/87 D-mannose binding
lectin
Lectin_legB Legume lectin Lectin_legB Legume PF00139 72 52 63 61/58 Legume lectin
domain domain
Malectin e o Malectin PF11721 39 37 32 33/32 Di-glucose binding
within endoplasmic
reticulum
PP2 Nictaba Phloem Nictaba PF14299 37 33 0 0 Phloem protein 2
LysM LysM domain LysM LysM PFO1476 36 21 29 25/18 LysM domain
Gal_Lectin - Gal_lectin Galactose- PF02140 23 18 17 8/0 Galactose binding
binding ectin domain
lectin
Malectin_like = = Malectin-like PF12819 22 18 17 17/15 Carbohydrate-
binding protein of
the ER
Agglutinin Amaranthin - Amaranthin PFO7468 19 7 0 0 Agglutinin domain
domain
Chitin_bind_1 Hevein domain Chitin_bind_1 Hevein PFO0187 b 4 16 8/0 Chitin recognition
protein (Hevein)
Gal-bind_lectin - Gal_binding_Lectin Galectin-like PFO0337 | 1 0 11/11 Galactoside-
binding lectin
(galectin)
Calreticulin = Calreticulin Calreticulin PF00262 8 8 8 52 Calreticulin family
Jacalin Jacalin-related Jacalin Jacalin PFO1419 4 4 0 0 Jacalin-like lectin
domain domain
CRA CRA - CRA - 4 1 4 4/0 class V
chitinase-related
agglutinin
Lectin_C = Lectin_C C-type PFO0059 2 2 2 2/2 Lectin C-type
domain
EUL EUL domain EEA EUL PF14200 1 1 0 0 Ricin-type
beta-trefoil lectin
domain-like
Total 407 302 292 271/225

Families are listed according to the number of members in the flax genome in the descending order. Abbreviations: SP — signal peptide (the prediction was performed using SignalP-5.0 (http.//www.cbs.dtu.dk/services/
SignalP/; Armenteros et al., 2019), PrediSi (http://www.predisi.de/home.html), iPSORT (http.//ipsort.hgc.jo/index.html; Bannai et al., 2002), TM — transmembrane domain (the prediction was performed using TMHMM
v2.0 (http://www.cbs.dtu.dk/services/ TVIHMM/; Krogh et al., 2001), *= the number of family members with TM, except those with only one N-terminal TM, which according to TMHMM could be a possible signal

sequence (signal peptide for this sequences was also predicted by SignalP).
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Gene ID Lectin Pfam Description (according Phytozome) Close A.thaliana SUBA LocTree3
family homologs
Lus10003099 GNA PF01453  Curculin-like (mannose-binding) lectin family protein AT5G18470 extracellular PM
Lus10003156 PF01453 lectin protein kinase family protein AT3G16030 PM PM
Lus10009582 PF01453  lectin protein kinase family protein AT3G16030 PM PM
Lus10030766 PF01453  S-locus lectin protein kinase family protein AT1G11340 PM PM
Lus10030768 PF01453  S-locus lectin protein kinase family protein AT1G11340 PM PM
Lus10031591 PF01453  S-locus lectin protein kinase family protein AT4G03230 PM PM
Lus10039762 PF01453  S-locus lectin protein kinase family protein AT2G19130 PM PM
Lus10008597 Legume PF0O0139  Concanavalin A-like lectin protein kinase family protein AT3G53810 PM PM
Lus10022662 PFO0139  lectin receptor kinase a4.1 AT5G01550 PM PM
Lus10032971 Malectin PF11721 Malectin/receptor-like protein kinase family protein AT3G51550 PM PM
Lus10032976 PF11721 Malectin/receptor-like protein kinase family protein AT3G51550 PM PM
Lus10038153 PF11721 Leucine-rich repeat transmembrane protein kinase AT1G53440 PM PM
Lus10041937 PF11721 Leucine-rich repeat transmembrane protein kinase AT1G53440 PM PM
Lus10018304 Nictaba PF14299 phloem protein 2-A1 AT4G19840 cytosol chioroplast
Lus10040602 PF14299  phloem protein 2-A1 AT4G19840 cytosol nucleus
Lus10022488 LysM PF01476  protein kinase family protein/peptidoglycan-binding AT2G23770 PM PM
LysM domain-containing protein

Lus10010702  Amaranthin PFO07468 MLP-like protein 423 ¥ N cytoplasm
Lus10029186 PFO7468  MLP-like protein 423 - - cytoplasm
Lus10006552 Hevein PF00187  pathogenesis-related 4 AT3G04720 extracellular vacuole
Lus10024290 Jacalin PF01419  Mannose-binding lectin superfamily protein AT1G19715 cytosol secreted
Lus10024291 PF01419  Mannose-binding lectin superfamily protein AT1G19715 cytosol cytoplasm
Lus10037605 PF01419  Mannose-binding lectin superfamily protein AT1G73040 cytosol cytoplasm

A pairwise comparison (log2fFC > 1, padj > 0.01) was made with tissue samples that deposit primary and secondary cell walls. The gene description includes the gene ID according to Phytozome v12.1.6 (https:
//phytozome.jgi.doe.gov/pz/portal.html; Goodstein et al., 2012); the lectin family name that was used in present study; the Pfam domain by the presence of which lectin family members were distinguished; the gene
description according to Phytozome v12.1.6; Arabidopsis thaliana homolog for a flax gene according to flax genome annotation (Wang et al., 2012); subcellular localization of A. thaliana homologs for flax lectins
according to the SUBA4 database (https://suba.live/; Hooper et al., 2017); and subcellular localization of flax lectins (corrected protein sequences presented in Supplementary File 1 were used) according to the
LocTree3 prediction tool (https://rostlab.org/services/loctree3/; Goldberg et al., 2014). The red-blue heat map indicates that the mRNA abundance expressed in TGR (total gene reads) values and the color gradient
reflects TGR values of 1 to 1000. Abbreviations: SAM, shoot apical meristem; cPAR, cortical parenchyma; iFIB, phloem fibers at the stage of intrusive elongation; sXYL, stem xylem with secondary cell wall; tFIB, phloem

fibers depositing tertiary cell walls: PM, plasma membrane.
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Gene ID Lectin family Pfam ion (according to Phytozome) Close A.thaliana suBA LocTree3 ~SAM GPAR iFIB  tFIB  sXYL
homologs
Lus10036639 GNA PFO1453  receptor-like protein kinase 1 AT5GE0900 PM PM
Lus10042940 PFO1453  receptor-like protein kinase 1 AT5GE0900 PM PM
Lus10000249 PFO1453  S-domain-2 5 AT4G32300 PM PM
Lus10018405 PFO1453  receptor kinase 3 AT4G21380 PM PM
Lus10014810 PFO1453  S-locus lectin protein kinase family protein ATAG27290 PM PM
Lus10029802 PFO1453  S-locus lectin protein kinase family protein AT2G19130 PM PM
Lus10014808 PFO1453 _ Slocus lectin protein kinase family protein AT4G27290 PM PM
Lus10019923 Legume PFO0139  Concanavalin A-like lectin protein kinase family protein AT3G53380 PM PM
Lus10026493 PF00139  Concanavalin A-like lectin protein kinase family protein AT3G53380 PM PM
Lus10025441 PFO0139  Concanavalin A-like lectin protein kinase family protein ATAG04960 extracellular PM
Lus10020553 PF00139  Concanavalin A-like lectin protein kinase family protein AT5G10530 PM PM
Lus10033776 PFO0139  receptor lectin kinase AT2GB7710 PM PM
Lus10031473 Nictaba PF14299  phioem protein 2-815 AT1G09155 PM chioroplast
Lus10031484 PF14299  phloem protein 2-B15 AT1G09155 PM secreted
Lus10031472 PF14209  phloem protein 2-B15 AT1G09155 PM chloroplast
Lus10015208 PF14299  phloem protein 2-B15 AT1G09155 PM chloroplast
Lus10015209 PF14299  phloem protein 2-B15 AT1G09155 PM chioroplast
Lus10008586 LysM PFO1476  Protein kinase superfamily protein AT2G33580 PM PM
Lus10031662 PFO1476  peptidoglycan-binding LysM domain-containing protein ~ AT3G52790 extracellular  secreted
Lus10023945 PFO1476  lysm domain GPl-anchored protein 2 precursor AT2G17120 PM PM
Lus10027407 PFO1476  peptidoglycan-binding LysM domain-containing protein ~ AT3G52790 extracelllar  secreted
Lus10015011 PFO1476 _ peptidoglycan-binding LysM domain-containing protein  AT5G62150 extracellular _secreted
Lus10016655 Galactose-binding lectin  PF02140  beta galactosidase 9 AT2G32810 vacuole  cytoplasm
Lus10000271 PF02140  beta-galactosidase 8 AT2G28470 extracelular  cytoplasm
Lus10036108 PF02140 _ beta-galactosidase 8 AT2G28470 extracellar  cytoplasm
Lus10026926 Malectin-like PF12819  Leucine-rich repeat protein kinase family protein AT5GAB740 PM PM
Lus10000562 PF12819  Protein kinase superfamily protein AT5G61350 PM PM
Lus10038172 PF12819  Leucine-rich repeat protein kinase family protein AT5G48740 PM PM
Lus10036756 Galectin-like PF00337  galactosyltransferase1 AT1G26810 extracellular GM

A pairwise comparison (l0g2FC = 1, pad] = 0.01) was made with tissue samples that deposit primary and tertiary cell walls. The gene description includes the gene ID according to Phytozome v12.1.6 (https:
//phytozome.jgi.doe.gov/pz/portal.htmi; Goodstein et al., 2012); the lectin family name that was used in present study; the Pfam domain by the presence of which lectin family members were distinguished; the gene
description according to Phytozome v12.1.6; Arabidopsis thaliana homolog for a flax gene according to flax genome annotation (Wang et al., 2012); subcelular localization of A. thaliana homologs for flax lectins
according to the SUBA4 database (https://suba.live/; Hooper et al, 2017); and subcellular localization of flax lectins (corrected protein sequences presented in Supplementary File 1 were used) according to the
LocTree3 prediction tool (https://rostlab.org/services/loctree3/; Goldberg et ., 2014). The red-blue heat map indlicates that the mRNA abundance expressed in TGR (total gene reads) values and the color gradient
reflects TGR values of 1 to 1000. Abbreviations: SAM, shoot apical meristem; cPAR, cortical parenchyma; iFIB, phioem fibers at the stage of intrusive elongation; sXYL, stem xylem with secondary cell wall; tFIB, phioem

iting tertiary cell walls; PM, plasma membrane; GM, Golgi membrane.
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Gene(s) edited

Mutation type

Number of gRNA and
number of genes targeted

Species

Mutant phenotype

4CL1 (4-coumnarate: CoA
ligase 1)

4CL2 (4-coumarate: CoA
ligase 2)

OsCALd5H
(coniferaldehyde
5-hydroxylase)

BcFLAT1 (fasciclin-like AGPs
1)

GLCAT14A, GLCAT14B,
and GLCAT14C (glucuronic
acid transferases)

OsXYN1
(endo-1,4-B-xylanase)

PL (pectate lyase)

PG2a (polygalacturonase
2a)

TBG4 (beta-galactanase)

Bra003491, Bra007665,
Bra014410(pectin
methylesterase)

CESAS3 (cellulose synthase
gene 3)

PtoMYB156

EVE (enlarged vessel
element)

OsSND2 (secondary NAC
domain 2)

OsIDD2 (interminate
domain 2)

Biallelic mutation

Biallelic mutation

Monoallelic and
biallelic mutations

Biallelic mutation

Biallelic mutations

Biallelic mutation

Biallelic mutation

Biallelic mutation

Biallelic mutation

Biallelic mutation

Cto T conversion

Partial deletion

Biallelic mutation

Biallelic mutation

Biallelic mutation

One gRNA targeting one gene

One gRNA targeting one gene

Multiple gRNAs targeting one
gene

Two gRNAs targeting one gene

Three to four gRNAs targeting
three genes

One gRNA targeting one gene

One gRNA targeting one gene

One gRNA targeting one gene

One gRNA targeting one gene

One gRNA targeting one to
three genes

One gRNA targeting one gene
Three gRNAs targeting one
gene

One gRNA targeting one gene

Two gRNAs targeting one gene

One gRNA targeting one gene

Poplar

Poplar

Rice

Brassica carinata

Arabidopsis

Rice

Tomato

Tomato

Tomato

Brassica campestris

Rice

Poplar

Poplar

Rice

Rice

Lower syringyl-to-guaiacy! (S: G), 23% reduction of
lignin, more extractable polysaccharide in the chlorite
fraction of the cell wall; an increase of caffeic acid;
upregulation of caffeoyl-CoA O-methyltransferase1 and
downregulation of 5-hydroxylases (F5HS) (Zhou et al.,
2015; Tsai et al., 2020).

50-90% reduction of condensed tannins (CT) in roots;
30% reduction of chlorogenic acid (Zhou et al., 2015).
More lignin in leaf sheath and more arabinoxylan in culm
cell walls (Takeda et al., 2019).

Reduction in root hair length under Pi deficient
conditions (Kirchner et al., 2017, 2018).

All glcat mutants showed less calcium binding on their
AGPs. The glcat14a glcat14b and glcat14a gicat14b
glcat14c showed a delay in seed germination, impaired
trichome and root hair growth, and less adherent seed
mucilage (Zhang et al., 2020).

Dwarf, thinner stems, leaf tip necrosis; less lignin
content; less water intake; downregulation of genes in
xylan and lignin biosynthesis pathways; upregulation of
genes in the aquaporin water channel pathway (Tu

et al., 2020).

Firmer inner and outer pericarp; higher juice and paste
viscosity (Wang D. et al., 2019).

Higher juice and paste viscosity; Fruit color change
delay (Wang C. et al., 2019).

More separation of the intracellular spaces and larger
fruit size; fruit color change delay (Wang D. et al., 2019).
Not reported (Xiong et al., 2019).

Conferring C17 and isoxaben double herbicide
resistance (Hu Z. et al., 2019).

Thicker SCW and elevated expression of genes
involved in SCW biosynthesis (Yang L. et al., 2017).
Less vessel elements and reduction in vessel area
(Ribeiro et al., 2020).

Less cellulose content, down-regulation of CESAs,
thinner cell wall (Ye et al., 2018).

Slight increase in lignin content and more phloroglucinol
staining in leaf vascular tissue (Huang et al., 2018).





OPS/images/fpls-11-609207/cross.jpg
3,

i





OPS/images/fpls-11-609207/fpls-11-609207-g001.jpg
-4 3
== T

Native glycoprotein

VGlycan X Unoccupied sequon Y)f* Antibody

=/
o

Immunizationinduces
antibodies targeting strain-
specific epitopes or
epitopes that are masked by
glycans in the native virus

Lower glycan occupancy
exposes hydrophobic
regions resulting in protein
aggregation and poor
immunogenicity

Lack of glycans targeting
protein into chaperone-
mediated folding pathways,
resulting in protein
misfoldingand poor
immunogenicity





OPS/images/fpls-12-634594/fpls-12-634594-g002.jpg
Hierarchical Clustering And Heatmap Analysis

4 2 0 2 4

Il , i) I | I <,
| _A_. f Aﬁ il F__ I W &2
| ,_ g Y S o

__ Il A _ S S
| _ S5 wn?..w
b0 R i &2

_ﬂ |
1 | Lih
___ il _== __ ﬂ_ | * | @%%

| \ R
| Il _ _
l ﬁ: & |1l LR I RURRL < o2 ot
iy A ___; —_____._: it ! ___ il %M@
___, ﬁ__ [ EH____;_;_ __ <S5
| il ____ LT : il D3N
%% %,
| ___ ni _;__ TR

!
otk el

| ____-__.______ ;_ __ ____ | _ LR ; | :___-_ ’ ____:__ __ 1 WW\

| 1 o
1 ¥ # &%,
1] ___ amn 1 | r | j ____ m@m&@s

___ | _,_ ___ __ 4,_ t _ __, i 5% %
3, i1 ;________
__ 1114 i __‘ g e __________ i

il i_ ,

©
24
=
£
o
o
o
@
o
Q
L.
e

| 0%
gl 1 X

i w e [LUBIE






OPS/images/fpls-12-634594/fpls-12-634594-g001.jpg
10

PR PO PO TS R l hatedestubtndestodantnd I,.I,........l.........l 3

. W N
- T T
| W [N B PR P o | Lol .1 | I TP NP | Ll D TRENO D Tl I [

Ul
-
|

/' .

microdissection .
> IFIBa

Y

-~ 5
~_Mmicrodissection
/

microdissection

> iFIBb —

Y

—

snap
point
Xylem shioem
— ————>» sXYLa —

—>

fibers @-—) tFIBa ——

xylem nhioem

SAM -
iFIB (PCW)
cPAR -

> SXYL (SCW)

pulling

opposite

X’i e'%.phliem

—_— I — sXYLb

sXYLb_OPP
tFIBb_OPP <

fibefS@ — tFIBb

> tFIB (TCW)

phloem
* /«/xylern
- sXYLb_PUL
—> tFIBb_PUL
/ 96 hours
4
4
4
™ 4
- 24 hours
4 <>
a5 4
- o
4
<
T
- 8hours

w
~ ’8 \\\‘\





OPS/images/fpls-12-634594/cross.jpg
3,

i





OPS/images/fpls-12-643249/fpls-12-643249-t002.jpg
Partially methylated alditol Retention “Raa” C-76 “Now” C-5

acetates derived from: time (min)

Estimate of molar

content (mol/mol)
Terminal arabinose 8.82 2 —
Terminal xylose 9.63 — 1
Terminal 3-O-methyl xylose 9.63 — 1
Terminal mannose 13.44 — 1
4-substituted 3-O-methyl mannose 16.87 1 —
3-substituted mannose 17.16 1 —
2,6-di-substituted mannose 21.19 — 1
4-substituted GIcNAc 27.41 1 1

3,4-di-substituted GlcNAc 30.70 1 1
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Vendor/strain number? Major peak [M+Na]+ Interpretation (H N P me) Composition of major peak Some typical minor peaks GenBank #

m/z mol/mol Constituents mol/mol m/z mol/mol
“Raa” glyco group
(a1} 1,049.37 2201 771.26 2200
903.31 2210
917.33 2211
1,079.39 3211
1,093.39 gata
64 1,049.39 2291 % #
76 1,049.40 2221 Man 1 " #
3-O-me-Man 1
Ara 2
GIcNAc 2
6, 60, 63, 68, 70, 95, 96, 98, 102, 110 1,049.40 2221 ” "
FACHB-31 1,049.30 2221 ” " MK248017
SAG211-34 1,049.38 2201 ” ” MN194596
“Now” glyco group
5 1,049.41 2221 Man 2 837.30 1220 See?)
Xyl 1 887.34 1221
3-O-me-Xyl 1 903.32 2210
GIcNAc 2 1,035.39 2220
1,197.46 3220
1,211.47 3221
1,359.51 4220
1,373.49 4221
1,621.56 5220

The grouping is based on the pattern of smaller peaks and on methylation of oligomannosidic glycans (Figure 1). The deduced composition is based on the monosaccharide analysis reported previously
(Mocsai et al., 2020a).

1) Explicit details are listed in the Supplementary Information.

2) ITS1-5.8S-ITS2 sequence of Now C-5: only one example is given below. Sequences of other, highly homologous clones found in this product are listed in the Supplementary Information.
ACACACCGCCCGTCGCTCCTACCGATTGGGTGTGCTGGTGAAGTGTTCGGATTGGCAGCTTAGGGTGGCAACACCTCAGGTCTGCCGAGAAGTTCATTAAACCCTCCCACCTAGAGGAAGGAGAAGTCGTAACAAGGTT
TCCGTAGGTGAACCTGCGGAAGAATCATTGAATTATTAAAACCACAATGTGAACCTTATTGTTCCGTGCCTTTGCTGCCGGCAAGGCAATCAGCTTTGCCTGATTGTACTTIGCAAGCTGGTGCGAGTTTTATACTTIGCATCAG
TGGCGCTCTGGCATGCTTATACACCAGTGCTAACCACTGTCAAAACCAAACTCTGAAGCTTTGATTGCTATTAATTGGCAATCTTAACCAAAGACAACTCTCAACAACGGATATCTTIGGCTCTCGCAACGATGAAGAACGCA
GCGAAATGCGATACGTAGTGTGAATTGCAGAATTCCGTGAACCATCGAATCTTTGAACGCATATTGCGCTCGAGCCCTCGGGCAAGAGCATGTCTGCCTCAGCGTCGGTTTATAACCTCACCCCTCTCTCCTTTITGGAGAG
CTGGTTAGCTTCTAGCTGGCCTTAGGAGTGGATCTGGCTTTCCCATTTGGTTTATICTGAATGGGTTGGCTGAAGCTTAGAGGCTTAAGCAAGGACCCGATATGGGCTTCAACTGGATAGGTAGCACCGGCTTCTGCCGAC
TACACGAAGTTGTGGCTTIGTGGACTTTGCTAGAGGCCAAGCAGGAAACATGCTTTGCATGTCTTAAACTTTCGACCTGAGCTCAGGCAAGG.
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HENDANL NIGI R LET SCRRSOEAINIT GRRUIILS W Vv lon s

a00f
L now sequence typea
500 qL type
GenBank KI676126 Scenedesmus vacuolatus UTEX252
220 GenBank AB917133 Desmodesmus armatus GM4F
GenBank FR8G5586 Chiamycorionas roharti CCAP11/4
GenBank GUSS2792 Catena virdis KR1991/4
RAA sequence
so0
rm GenBank NN 194586 Chiorella s SAG211-34
 GenBank FM206834 Chiorella sorokiniana SAG211-8k

P ja
|— GenBank FM205861 Chiorella lewinii CCAP211-80 5

S

3

269 Now sequence typeB. —

300 &
GenBank FM205849 Chirela variabils SAG211-6 |

3

76| GenBank FM205833 Chiorella lobophora SAG37.88 o

219 GenBank GQ176853 Chorel pitita ACOIS1
4861 GenBank FM205832 Chlorella vulgaris SAG211-11b
—
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Stem length (cm)

Total stem 46.44 (+0.66) 35.02° (+0.38) 68
First internode 11.79 (£0.34) 5.46 (+0.26) 68
First internode/total stem (%) 25.55 (+£0.73) 15.73 (+£0.78) 68
Stem transverse area (mm?2)

Basal stem 0.87 (+£0.04) 0.75 (+0.03) 33
First node stem 0.97 (+0.05) 0.67 (+0.04) 33
First node/basal stem (%) 119.55 (£7.09) 97.00 (+4.39) 33

aGrowth stage 6.5 as outlined in Boyes et al. (2001).

PBold text in numeral data column indicates data value statistically significant at
p < 0.05 using a Student’s t test. n presents number of biological replicates.
Bracket indlicates + SE.
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aGrowth stage 6.5 as outlined in Boyes et al. (2001).
Pyvascular region includes IF and vascular bundles.

Values represented as mean (+£SE), bold text indicates data value statistically
significant at p < 0.05 using Student’s t test. n represents number of biological
replicates, each with two technical replicates. All cells (300-1200) for each tissue
type were counted for each replicate.
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