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Complex-Type N-Glycans Influence the Root Hair Landscape of Arabidopsis Seedlings by Altering the Auxin Output
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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.
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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 2–3 days containing plant growth medium [0.5 MS without vitamins, 0.1% (w/v) sucrose, 0.5 g/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 3 days in a Percival growth chamber with illumination from the top (Osram LUMILUX cool white L 18 W/840) under LD conditions: 16 h light (150 μmol quanta m−2 s−1) and 8 h 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: 15 nM BAP (EtOH), 15 nM NAA (DMSO), or 100 nM 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 (120 nM), 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 5 min at room temperature in a 10 μg ml−1 propidium iodide solution (stock: 10 mg ml−1 in distilled water), briefly rinsed in distilled water, and analyzed with a Leica TCS SP5 microscope with inverse optics (at 488 nm 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 120 μl of protein extraction buffer [50 mM HEPES pH 7, 2 mM Na2S2O5, 1:100 (v/v) Proteinase-Inhibitor-Cocktail for use with plant extracts (Sigma), 1 mM Pefabloc SC, 1:100 (v/v) Mercaptoethanol] using a potter and centrifuged at 13,500 rpm (4°C) for 10 min in a table top microfuge. The supernatants were transferred to new tubes and volume equivalents of 25 μg protein each (Bradford assay) were separated by SDS-PAGE on 10% gels and blotted to nitrocellulose membranes (PROTRAN 0.45 μm, GE Healthcare). The pellets were resuspended in 40 μl of protein extraction buffer additionally containing 250 mM NaCl and 0.1% SDS. After incubation for 30 min at room temperature and centrifugation at 13,500 rpm (20°C) for 10 min 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 6.7 mm, 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. 1 mm 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: 0.066 mm) 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 8 days on mock (black boxes), 15 nM BAP (green boxes), or 15 nM 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: 500 μm. (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 (15 nM), the auxin derivative NAA (15 nM), or the ethylene precursor ACC (100 nM) 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. 0.229 mm or manII: 0.118 vs. 0.343 mm; 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 15 nM (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. 0.192 mm or fuctc: 0.066 vs. 0.122 mm; 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. 0.305 mm or manII: 0.284 vs. 0.364 mm; 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).

[image: Figure 2]

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 8 days on mock (black boxes) or 100 nM 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: 500 μm. (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).

[image: Figure 3]

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: 20 μm. 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 120 nM 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 ≥ 30 nM (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 120 nM NAA. Similarly, RH length increased most dramatically by the application of more than 30 nM NAA (Figure 4B). However, gntI roots also displayed significantly longer RHs growing on 15 nM 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 120 nM.

[image: Figure 4]

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 8 days 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: 500 μm.


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 15 nM 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.
[image: Table1]



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 15 nM 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.

[image: Figure 5]

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.





DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA682418.



AUTHOR CONTRIBUTIONS

MF and AvS developed the project. MF, AvS, HK-S, and KF designed and performed experiments. MF, HK-S, and AvS analyzed data. MF and AvS wrote the article with final contributions of HK-S. All authors contributed to the article and approved the submitted version.



FUNDING

This work was financially supported by a grant from the Deutsche Forschungsgemeinschaft (DFG SCHA 541/11-4) to AvS.


ACKNOWLEDGMENTS

We thank Sebastian Leidel (now University of Bern, Switzerland) for conducting the RNA-seq experiment.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.635714/full#supplementary-material



FOOTNOTES

1https://usegalaxy.eu/

2http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

3http://pantherdb.org/

4http://www.ncbi.nlm.nih.gov/bioproject/682418



REFERENCES

 Abeijon, C., and Hirschberg, C. B. (1992). Topography of glycosylation reactions in the endoplasmic reticulum. Trends Biochem. Sci. 17, 32–36. doi: 10.1016/0968-0004(92)90424-8

 Abeles, F. B., Morgan, P. W., and Saltveit, M. E. (1992). “The role of ethylene in agriculture” in Ethylene in Plant Biology. eds. F. B. Abeles, P. W. Morgan, and M. E. Saltveit (San Diego: Academic Press), 264–296.

 An, H. J., Froehlich, J. W., and Lebrilla, C. B. (2009). Determination of glycosylation sites and site-specific heterogeneity in glycoproteins. Curr. Opin. Chem. Biol. 13, 421–426. doi: 10.1016/j.cbpa.2009.07.022 

 Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq-A Python framework to work with high-throughput sequencing data. Bioinformatics 31, 166–169. doi: 10.1093/bioinformatics/btu638 

 Antoniadi, I., Novák, O., Gelová, Z., Johnson, A., Plíhal, O., Simerský, R., et al. (2020). Cell-surface receptors enable perception of extracellular cytokinins. Nat. Commun. 11:4284. doi: 10.1038/s41467-020-17700-9 

 Balcerowicz, D., Schoenaers, S., and Vissenberg, K. (2015). Cell fate determination and the switch from diffuse growth to planar polarity in Arabidopsis root epidermal cells. Front. Plant Sci. 6:1163. doi: 10.3389/fpls.2015.01163 

 Bassham, D. C., Brandizzi, F., Otegui, M. S., and Sanderfoot, A. A. (2008). The secretory system of Arabidopsis. Arabidopsis Book 6:e0116. doi: 10.1199/tab.0116 

 Bhosale, R., Giri, J., Pandey, B. K., Giehl, R. F. H., Hartmann, A., Traini, R., et al. (2018). A mechanistic framework for auxin dependent Arabidopsis root hair elongation to low external phosphate. Nat. Commun. 9:1409. doi: 10.1038/s41467-018-03851-3 

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170 

 Brunoud, G., Wells, D. M., Oliva, M., Larrieu, A., Mirabet, V., Burrow, A. H., et al. (2012). A novel sensor to map auxin response and distribution at high spatio-temporal resolution. Nature 482, 103–106. doi: 10.1038/nature10791 

 Chang, C., Schaller, G. E., Patterson, S. E., Kwok, S. F., Meyerowitz, E. M., and Bleecker, A. B. (1992). The TMK1 gene from Arabidopsis codes for a protein with structural and biochemical characteristics of a receptor protein kinase. Plant Cell 4, 1263–1271. doi: 10.1105/tpc.4.10.1263 

 Deng, Y., Dong, H., Mu, J., Ren, B., Zheng, B., Ji, Z., et al. (2010). Arabidopsis histidine kinase CKI1 acts upstream of histidine phosphotransfer proteins to regulate female gametophyte development and vegetative growth. Plant Cell 22, 1232–1248. doi: 10.1105/tpc.108.065128 

 El-Showk, S., Ruonala, R., and Helariutta, Y. (2013). Crossing paths: cytokinin signalling and crosstalk. Development 140, 1373–1383. doi: 10.1242/dev.086371 

 Eysholdt-Derzsó, E., and Sauter, M. (2017). Root bending is antagonistically affected by hypoxia and ERF-mediated transcription via auxin signaling. Plant Physiol. 175, 412–423. doi: 10.1104/pp.17.00555 

 Fanata, W. I. D., 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, A. C., Cabanes-Macheteau, M., Marvin, L., Martin, B., Satiat-Jeunemaitre, B., Gomord, V., et al. (1999). Biosynthesis and immunolocalization of Lewis a-containing N-glycans in the plant cell. Plant Physiol. 121, 333–343. doi: 10.1104/pp.121.2.333 

 Frank, M., Cortleven, A., Novák, O., and Schmülling, T. (2020). Root-derived trans-zeatin cytokinin protects Arabidopsis plants against photoperiod stress. Plant Cell Environ. 43, 2637–2649. doi: 10.1111/pce.13860 

 Frank, J., Kaulfürst-Soboll, H., Rips, S., Koiwa, H., and Von Schaewen, A. (2008). Comparative analyses of Arabidopsis complex glycan1 mutants and genetic interaction with staurosporin and temperature sensitive3a. Plant Physiol. 148, 1354–1367. doi: 10.1104/pp.108.127027 

 Gallois, P., Makishima, T., Hecht, V., Despres, B., Laudié, M., Nishimoto, T., et al. (1997). An Arabidopsis thaliana cDNA complementing a hamster apoptosis suppressor mutant. Plant J. 11, 1325–1331. doi: 10.1046/j.1365-313X.1997.11061325.x 

 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 

 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 

 Häweker, H., Rips, S., Koiwa, H., Salomon, S., Saijo, Y., Chinchilla, D., et al. (2010). Pattern recognition receptors require N-glycosylation to mediate plant immunity. J. Biol. Chem. 285, 4629–4636. doi: 10.1074/jbc.M109.063073 

 Helenius, A., and Aebi, M. (2001). Intracellular functions of N-linked glycans. Science 291, 2364–2369. doi: 10.1126/science.291.5512.2364 

 Helenius, J., and Aebi, M. (2002). Transmembrane movement of dolichol linked carbohydrates during N-glycoprotein biosynthesis in the endoplasmic reticulum. Semin. Cell Dev. Biol. 13, 171–178. doi: 10.1016/S1084-9521(02)00045-9 

 Helenius, A., and Aebi, M. (2004). Roles of N-linked glycans in the endoplasmic reticulum. Annu. Rev. Biochem. 73, 1019–1049. doi: 10.1146/annurev.biochem.73.011303.073752 

 Hwang, I., and Sheen, J. (2001). Two-component circuitry in Arabidopsis cytokinin signal transduction. Nature 413, 383–389. doi: 10.1038/35096500 

 Imperiali, B., and O’Connor, S. E. (1999). Effect of N-linked glycosylatian on glycopeptide and glycoprotein structure. Curr. Opin. Chem. Biol. 3, 643–649. doi: 10.1016/S1367-5931(99)00021-6 

 Johnson, K. D., and Chrispeels, M. J. (1987). Substrate specificities of N -Acetylglucosaminyl-, Fucosyl-, and Xylosyltransferases that modify glycoproteins in the Golgi apparatus of bean cotyledons. Plant Physiol. 84, 1301–1308. doi: 10.1104/pp.84.4.1301 

 Kakimoto, T. (1996). CKI1, a histidine kinase homolog implicated in cytokinin signal transduction. Science 274, 982–985. doi: 10.1126/science.274.5289.982 

 Kang, J. S., Frank, J., Kang, C. H., 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 

 Kaulfürst-Soboll, H., Mertens-Beer, M., Brehler, R., Albert, M., and von Schaewen, A. (2021). Complex N-glycans are important for normal fruit ripening and seed development in tomato. Front. Plant Sci. 12:635962. doi: 10.3389/fpls.2021.635962

 Kaulfürst-Soboll, H., Rips, S., Koiwa, H., Kajiura, H., Fujiyama, K., and von Schaewen, A. (2011). Reduced immunogenicity of Arabidopsis hgl1 mutant N-glycans caused by altered accessibility of xylose and core fucose epitopes. J. Biol. Chem. 286, 22955–22964. doi: 10.1074/jbc.M110.196097 

 Kaushal, G. P., Szumilo, T., Pastuszak, I., and Elbein, A. D. (1990). Purification to homogeneity and properties of Mannosidase II from Mung bean seedlings. Biochemistry 29, 2168–2176. doi: 10.1021/bi00460a030 

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317 

 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 

 Kubeš, M., Yang, H., Richter, G. L., Cheng, Y., Młodzińska, E., Wang, X., et al. (2012). The Arabidopsis concentration‐dependent influx/efflux transporter ABCB4 regulates cellular auxin levels in the root epidermis. Plant. J. 69, 640–654. doi: 10.1111/j.1365-313X.2011.04818.x

 Kubiasová, K., Montesinos, J. C., Šamajová, O., Nisler, J., Mik, V., Semerádová, H., et al. (2020). Cytokinin fluoroprobe reveals multiple sites of cytokinin perception at plasma membrane and endoplasmic reticulum. Nat. Commun. 11:4285. doi: 10.1038/s41467-020-17949-0 

 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 α1,3-fucosyltransferase from mung beans. J. Biol. Chem. 274, 21830–21839. doi: 10.1074/jbc.274.31.21830 

 Léonard, R., Costa, G., Darrambide, E., Lhernould, S., Fleurat-Lessard, P., Carlué, M., et al. (2002). The presence of Lewis a epitopes in Arabidopsis thaliana glycoconjugates depends on an active α4-fucosyltransferase gene. Glycobiology 12, 299–306. doi: 10.1093/glycob/12.5.299 

 Lerouxel, O., Mouille, G., Andème-Onzighi, C., Bruyant, M. P., Séveno, M., Loutelier-Bourhis, , 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 

 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 α-mannosidases are required for N-glycan processing and root development in Arabidopsis thaliana. Plant Cell 21, 3850–3867. doi: 10.1105/tpc.109.072363 

 Logemann, E., Birkenbihl, R. P., Ulker, B., and Somssich, I. E. (2006). An improved method for preparing Agrobacterium cells that simplifies the Arabidopsis transformation protocol. Plant Methods 2:16. doi: 10.1186/1746-4811-2-16 

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8 

 Maeda, M., Tani, M., Yoshiie, T., Vavricka, C. J., and Kimura, Y. (2016). Structural features of N-glycans linked to glycoproteins expressed in three kinds of water plants: predominant occurrence of the plant complex type N-glycans bearing Lewis a epitope. Carbohydr. Res. 435, 50–57. doi: 10.1016/j.carres.2016.09.008 

 Mariño, K., Bones, J., Kattla, J. J., and Rudd, P. M. (2010). A systematic approach to protein glycosylation analysis: a path through the maze. Nat. Chem. Biol. 6, 713–723. doi: 10.1038/nchembio.437 

 Melo, N. S., Nimtz, M., Conradt, H. S., Fevereiro, P. S., and Costa, J. (1997). Identification of the human Lewisa carbohydrate motif in a secretory peroxidase from a plant cell suspension culture (Vaccinium myrtillus L.). FEBS Lett. 415, 186–191. doi: 10.1016/S0014-5793(97)01121-6 

 Mittal, N., Guimaraes, J. C., Gross, T., Schmidt, A., Vina-Vilaseca, A., Nedialkova, D. D., et al. (2017). The Gcn4 transcription factor reduces protein synthesis capacity and extends yeast lifespan. Nat. Commun. 8:457. doi: 10.1038/s41467-017-00539-y 

 Nagashima, Y., Ma, Z., Liu, X., Qian, X., Zhang, X., von Schaewen, A., et al. (2020). Multiple quality control mechanisms in the ER and TGN determine subcellular dynamics and salt-stress tolerance function of KORRIGAN1. Plant Cell 32, 470–485. doi: 10.1105/tpc.19.00714 

 Nicol, F., His, I., Jauneau, A., Vernhettes, S., Canut, H., and Höfte, H. (1998). A plasma membrane-bound putative endo-1,4-β-D-glucanase is required for normal wall assembly and cell elongation in Arabidopsis. EMBO J. 17, 5563–5576. doi: 10.1093/emboj/17.19.5563 

 Nilsson, I., and Von Heijne, G. (1993). Determination of the distance between the oligosaccharyltransferase active site and the endoplasmic reticulum membrane. J. Biol. Chem. 268, 5798–5801. doi: 10.1016/S0021-9258(18)53389-5 

 Pagny, S., Bouissonnie, F., Sarkar, M., Follet-Gueye, M. L., Driouich, A., Schachter, H., et al. (2003). Structural requirements for Arabidopsis β1,2-xylosyltransferase activity and targeting to the Golgi. Plant J. 33, 189–203. doi: 10.1046/j.0960-7412.2002.01604.x 

 Pless, D. D., and Lennarz, W. J. (1977). Enzymatic conversion of proteins to glycoproteins. Proc. Natl. Acad. Sci. U. S. A. 74, 134–138. doi: 10.1073/pnas.74.1.134 

 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 

 Rips, S., Frank, M., Elting, A., Offenborn, J. N., and von Schaewen, A. (2017). Golgi α1,4-fucosyltransferase of Arabidopsis thaliana partially localizes at the nuclear envelope. Traffic 18, 646–657. doi: 10.1111/tra.12506 

 Ruiz-Canada, C., Kelleher, D. J., and Gilmore, R. (2009). Cotranslational and posttranslational N-glycosylation of polypeptides by distinct mammalian OST isoforms. Cell 136, 272–283. doi: 10.1016/j.cell.2008.11.047 

 Sato, S., Kato, T., Kakegawa, K., Ishii, T., Liu, Y. G., Awano, T., et al. (2001). Role of the putative membrane-bound endo-1,4-β-glucanase KORRIGAN in cell elongation and cellulose synthesis in Arabidopsis thaliana. Plant Cell Physiol. 42, 251–263. doi: 10.1093/pcp/pce045 

 Schoberer, J., and Strasser, R. (2011). Sub-compartmental organization of golgi-resident N-glycan processing enzymes in plants. Mol. Plant 4, 220–228. doi: 10.1093/mp/ssq082 

 Schoenaers, S., Balcerowicz, D., and Vissenberg, K. (2017). “Molecular mechanisms regulating root hair tip growth: a comparison with pollen tubes” in Pollen tip growth: From biophysical aspects to systems biology. eds. G. Obermeyer and J. Feijó (Cham: Springer International Publishing), 167–243.

 Strasser, R., Bondili, J. S., Vavra, U., Schoberer, J., Svoboda, B., Glössl, J., et al. (2007). A unique β1,3-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. B. H., Glössl, J., et al. (2000). Molecular cloning and functional expression of β1,2-xylosyltransferase cDNA from Arabidopsis thaliana. FEBS Lett. 472, 105–108. doi: 10.1016/S0014-5793(00)01443-5 

 Strasser, R., Schoberer, J., Jin, C., Glössl, J., Mach, L., and Steinkellner, H. (2006). Molecular cloning and characterization of Arabidopsis thaliana Golgi α-mannosidase II, a key enzyme in the formation of complex N-glycans in plants. Plant J. 45, 789–803. doi: 10.1111/j.1365-313X.2005.02648.x 

 Swarup, R., Perry, P., Hagenbeek, D., Van Der Straeten, D., Beemster, G. T. S., Sandberg, G., et al. (2007). Ethylene upregulates auxin biosynthesis in Arabidopsis seedlings to enhance inhibition of root cell elongation. Plant Cell 19, 2186–2196. doi: 10.1105/tpc.107.052100 

 Tessi, T. M., Brumm, S., Winklbauer, E., Schumacher, B., Pettinari, G., Lescano, I., et al. (2020). Arabidopsis AZG2 transports cytokinins in vivo and regulates lateral root emergence. New Phytol. 229, 979–993. doi: 10.1111/nph.16943 

 Tezuka, K., Hayashi, M., Ishihara, H., Akazawa, T., and Takahashi, N. (1992). Studies on synthetic pathway of xylose-containing N-linked oligosaccharides deduced from substrate specificities of the processing enzymes in sycamore cells (Acer pseudoplatanus L.). Eur. J. Biochem. 203, 401–413. doi: 10.1111/j.1432-1033.1992.tb16564.x 

 Vissenberg, K., Claeijs, N., Balcerowicz, D., and Schoenaers, S. (2020). Hormonal regulation of root hair growth and responses to the environment in Arabidopsis. J. Exp. Bot. 71, 2412–2427. doi: 10.1093/jxb/eraa048 

 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 

 Waidmann, S., Sarkel, E., and Kleine-Vehn, J. (2020). Same same, but different: growth responses of primary and lateral roots. J. Exp. Bot. 71, 2397–2411. doi: 10.1093/jxb/eraa027 

 Wang, S., Xu, Y., Li, Z., Zhang, S., Lim, J. M., Lee, K. O., et al. (2014). OsMOGS is required for N-glycan formation and auxin-mediated root development in rice (Oryza sativa L.). Plant J. 78, 632–645. doi: 10.1111/tpj.12497 

 Wilson, I. B. H., Rendić, D., Freilinger, A., Dumić, J., Altmann, F., Mucha, J., et al. (2001a). Cloning and expression of cDNAs encoding α1,3-fucosyltransferase homologues from Arabidopsis thaliana. Biochim. Biophys. Acta 1527, 88–96. doi: 10.1016/S0304-4165(01)00151-9 

 Wilson, I. B. H., Zeleny, R., Kolarich, D., Staudacher, E., Stroop, C. J. M., Kamerling, J. P., et al. (2001b). Analysis of asn-linked glycans from vegetable foodstuffs: widespread occurrence of Lewis a, core α1,3-linked fucose and xylose substitutions. Glycobiology 11, 261–274. doi: 10.1093/glycob/11.4.261 

 Wormald, M. R., and Dwek, R. A. (1999). Glycoproteins: glycan presentation and protein-fold stability. Structure 7, R155–R160. doi: 10.1016/S0969-2126(99)80095-1 

 Xu, T., Dai, N., Chen, J., Nagawa, S., Cao, M., Li, H., et al. (2014). Cell surface ABP1-TMK auxin-sensing complex activates ROP GTPase signaling. Science 343, 1025–1028. doi: 10.1126/science.1245125 

 Yan, Q., and Lennarz, W. J. (1999). Oligosaccharyltransferase: a complex multisubunit enzyme of the endoplasmic reticulum. Biochem. Biophys. Res. Commun. 266, 684–689. doi: 10.1006/bbrc.1999.1886 

 Yan, Q., and Lennarz, W. J. (2002). Studies on the function of oligosaccharyl transferase subunits: Stt3p is directly involved in the glycosylation process. J. Biol. Chem. 277, 47692–47700. doi: 10.1074/jbc.M208136200 

 Yang, C. Y., Hsu, F. C., Li, J. P., Wang, N. N., and Shih, M. C. (2011). The AP2/ERF transcription factor AtERF73/HRE1 modulates ethylene responses during hypoxia in Arabidopsis. Plant Physiol. 156, 202–212. doi: 10.1104/pp.111.172486 

 Yi, K., Menand, B., Bell, E., and Dolan, L. (2010). A basic helix-loop-helix transcription factor controls cell growth and size in root hairs. Nat. Genet. 42, 264–267. doi: 10.1038/ng.529 

 Yunovitz, H., and Gross, K. C. (1994). Delay of tomato fruit ripening by an oligosaccharide N-glycan. Interactions with IAA, galactose and lectins. Physiol. Plant. 90, 152–156. doi: 10.1111/j.1399-3054.1994.tb02205.x

 Zeng, Y., Bannon, G., Thomas, V. H., Rice, K., Drake, R., and Elbein, A. (1997). Purification and specificity of β1,2-xylosyltransferase, an enzyme that contributes to the allergenicity of some plant proteins. J. Biol. Chem. 272, 31340–31347. doi: 10.1074/jbc.272.50.31340 

 Zhang, D. -J., Yang, Y. -J., Liu, C. -Y., Zhang, F., and Wu, Q. -S. (2018). “Root hair growth and development in response to nutrients and Phytohormones” in Root biology. eds. B. Giri, R. Prasad, and A. Varma (Cham: Springer), 65–84.

 Zürcher, E., Tavor-Deslex, D., Lituiev, D., Enkerli, K., Tarr, P. T., and Müller, B. (2013). A robust and sensitive synthetic sensor to monitor the transcriptional output of the cytokinin signaling network in planta. Plant Physiol. 161, 1066–1075. doi: 10.1104/pp.112.211763 


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 Frank, Kaulfürst-Soboll, Fischer and von Schaewen. 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.

OPS/images/fpls-12-635714-g005.jpg
3 oreg
&
BGINAC
o Galactose
“Xylose
»Fucose

RH elongation | | RH elongation | | RH elongation






OPS/images/fpls-12-635714-t001.jpg
GO term

Nitrate assimilation
Nitrate metabolic process

Reactive nitrogen species metabolic process
Cellular response to hypoxia

Defense response, incompatible interaction
Celular response to decreased oxygen levels
Cellular response to oxygen levels
Response to hypoxia

Response to decreased oxygen levels
Response to oxygen levels

Innate immune response

Immune response

Defense response to bacterium

Immune system process

Response to bacterium

Defense response to other organism
Defense response

Response to external biotic stimulus
Response to other organism

Response to biotic stimulus

Interspecies interaction between organisms
Response to external stimulus

Response to stress

Response to stimulus

GO ID

0042128
0042126
2001057
0071456
0009814
0036294
0071453
0001666
0036293
0070482
0045087
0006955
0042742
0002376
0009617
0098542
0006952
0043207
0051707
0009607
0044419
0009605
0006950
0050896

Over(+)/under(-)
represented

e

Fold enrichment

p-value

154E-02
1.54E-02
3.94E-02
2.74E-03
5.00E-02
3.01E-03
3.15E-03
8.54E-03
1.00E-02
1.09E-02
9.38E-03
1.21€-02
7.70E-04
4.45E-02
7.86E-04
4.34E-05
2.13E-06
6.31E-05
6.31E-05
6.45E-05
1.14E-04
1.47E-03
4.34E-08
1.26E-05





OPS/images/fpls-12-635714-g003.jpg





OPS/images/fpls-12-635714-g004.jpg
]
120

[
60

30

=
o]
-l

oo}
A

nM NAA

15

75

8 .
N of
<
S w & w o
< 2 2 2 2
[ww] ybusl HY
D
-0 33lg ol Ig
=[] e os| [T
°l F 8 bcm_e_ 3
T s g g
= z
={} oz aof |aZ
<k . T+ -
=} © ol e
o 7 A T— [T
° wa ° 2 = |,
v I BTt
2 € & © @ g @& g
203 & 8
[wuwyHy] Aususp HY HY pajebuoja 1s|. o) ww





OPS/images/fpls-12-635714-t002.jpg
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





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Complex-Type N-Glycans Influence the Root Hair Landscape of Arabidopsis Seedlings by Altering the Auxin Output



		Introduction



		Materials and Methods



		Plant Material and Growth Conditions



		Plant Transformation and Confocal Laser Scanning (CLSM) Microscopy



		Immunoblot Analysis



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



		Statistical Analysis



		Sampling and RNA Isolation for Transcriptome Analysis by RNA-Seq



		Acquisition and Analysis of RNA-Seq Data









		Results



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



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



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









		Discussion



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



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









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References



















OPS/images/fpls-12-635714-g001.jpg
) 18 . _
S = 3
R Ik
= N %
ool [E g
see 5 s
iouiid| a1 g
wos[ [} & © =
© |2 B I
2 avvo-{[- |0 2 S
[wory] Ausup ¥ & [ww] pbus| Hy
fos
oo E53 s nmi_u. g Smmuwy_
= oo |2 - |° -
s sou - . ove -
200 3 1 3 Zo=|
T A asf} © Py 8
_ESLHJ”_T < meé < ae,q__
asos T} g ook g ovel
sali= - o--[T} N o]
o] - o ] |
ol e [B ool
va—{T ¢ o o e—i—TP
o =T & . -o-p ! 3 ac|
81— % ceol} |8 ReTT—
T (wol wbuo g [wwyhy] Aisusp Hy HY pajebuoe Isi. 0 ww

3]

w

ot mani gat  fucte

Cal-0

ant manil galt fucte

Col-0

N

NAsn @GIcNAc eMannose oGalactose #Xylose »Fucose

N~





OPS/images/fpls-12-635714-g002.jpg
6025
T . i 1
5 ;= 2 .
= = = o a
i 4 z I s
£ A = .
= = § o= SIS
o ©
& mok o
00 = acc o
Coo g manl gt fuctc Coo g mei gat  fuete
s0{nz5 20{nz 661
£ =
£ - ¢ E 15
T« = & £
z £
= a 7 H f f i
z b a - B T
£ 2 2 = 2 9
= E 08
T = "
z &
o Gl aE
S0 gl mal gal o Coo ol mend gel el
L |nes Co-0 ol maw  gal  fucte
z 2 2
s
£ a
£ 50
T
2 25 H
e
L =
: i
E 00
Coo g menl gt e
o0 e mant oat  fuore
4 o Hep IR} g
% 8 L
i ¢ %
N N SN &N

NAsn BGKNAC eMannose oGalactose *Xyose »Fucose






OPS/images/cover.jpg
} frontiers
in Plant Science

Complex-Type N-Glycans Influence
the Root Hair Landscape of
Arabidopsis Seedlings by Altering the
Auxin Output









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





