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Editorial on the Research Topic
 Evolution of Signaling in Plant Symbioses



Plants are surrounded by microbes, but only a small number of microbes have evolved an intimate, endosymbiotic association, in which they live inside host cells. Root symbioses are important sources of nutrition for plants and microbes alike, with over 80% of all terrestrial plants forming intracellular symbioses with arbuscular mycorrhizal fungi. This Research Topic explores the evolutionary links between different plant root endosymbioses, focusing specifically on the evolution of signaling in four: the very ancient arbuscular mycorrhizae, the more recent ericoid mycorrhizae, and root nodules formed with nitrogen-fixing soil bacteria, either with Frankia (in actinorhizal nodulation) or rhizobia (in rhizobium-legume nodulation) (Genre and Russo, 2016). In each case, symbiosis is initiated after signal exchange between the two partners that ultimately leads to the plant hosting the microbes inside plant cells, requiring changes in plant host development and physiology (Geurts et al., 2016; MacLean et al., 2017). During establishment of the endosymbiosis, continued signal exchange between host and microbe functions to fine-tune the interaction.

Most of the plant microbiome is found on the surface of the plant, or between plant cells. Access to the exclusive niche inside cells begins with perception of microbial signals, initiating a cascade of events within the plant host allowing infection and leading to intracellular accommodation of the endosymbiont. The arbuscular mycorrhizal symbiosis is associated with the colonization of land by plants, thus recognition of mycorrhizal fungi is ancient and widespread throughout the plant kingdom. Curiously, the plant signaling pathway triggered by mycorrhizal fungi is also used by bacterial newcomers to the plant endosymbiotic world, rhizobia and Frankia strains. Rhizobial signal molecules are almost identical to mycorrhizal signal molecules: short chains of chitin with a lipid tail, lipochitooligosaccharides (LCOs). The Frankia and ericoid mycorrhizal signal molecules are unknown, but the signal of most Frankia strains is almost certainly not an LCO Cissoko et al..

Recent key studies have overturned our understanding of the evolution of root endosymbiosis and put this special issue in context: in particular the conclusion that the most likely scenario is a single gain of root nodule symbiosis in a clade of Rosids, followed by multiple losses of the symbiosis (Griesmann et al., 2018; van Velzen et al., 2018). This likely involved the symbiont Frankia as the initial symbiont of actinorhizal species, with the later emergence of rhizobia in legume symbioses (van Velzen et al., 2019). Secondly, the common use of orthologous nodulation genes across actinorhizal and legume species underlines the similarity between signaling pathways in legume and actinorhizal symbioses, which has also, at least partly, evolved from mycorrhizal symbiosis signaling (Markmann and Parniske, 2009). Contributions to this special issue have provided new insights into aspects of the evolution of root endosymbiosis by examining the similarities at all stages of symbiosis, starting with signal perception, signal transduction, control of defense responses and eventually maintenance of the symbiosis.

Both LCOs and chito-oligosaccharides (COs) are perceived by LysM receptor kinases. The history of this gene family reveals repeated gene duplications, neofunctionalization and losses. Over this is laid the shift in function from perception of short COs to mycorrhizal signals and then to rhizobial Nod factors, analyzed in this issue by Gough et al. Further, they explore the relationship between symbiotic and immune signaling. This topic is examined in more depth by Liao et al., who demonstrate subfunctionalization after gene duplication within the LysM receptor family, specifically focusing on the evolution of the tomato chitin receptor CERK1, where chitin and mycorrhizal signal recognition is partitioned among four paralogs. LysM receptors require a co-receptor to transmit signals to the nucleus, and in plant endosymbioses this function is taken by SYMRK (SYMBIOSIS RECEPTOR KINASE). Li et al. examine this next step in the pathway to ask how SYMRK transitioned from a key position in the mycorrhizal signaling pathway to a shared function in mycorrhization and nodulation. These studies clearly highlight the evolution of signal perception from an ancient chitin and mycorrhiza perception system to the more recent perception of rhizobia by legumes.

Understanding of the Frankia/actinorhizal root nodule symbiosis has lagged behind the study of other root endosymbioses: the signal molecule is not an LCO, many Frankia species are unculturable, most plant hosts are woody perennials, and culturable Frankia strains (a filamentous bacterium) are difficult to grow and transform. However, actinorhizal root nodules and rhizobium-induced root nodules share an evolutionary origin in that all hosts belong to a single clade within the Rosids. Taking advantage of these parallels, comparative transcriptomics and developmental studies have provided great insights into actinorhizal nodule development and function. In legumes, flavonoids signal the rhizobial partner to induce the expression of nodulation genes and synthesis of the Nod factor signal molecule, an LCO. To explore possible new structures and roles of flavonoids in actinorhizal symbioses, Gifford et al. demonstrated synthesis of flavonoids, suggesting a functional role during actinorhizal symbiosis. This will form the basis of identifying flavonoids that may play similar signaling functions between actinorhizal hosts and Frankia as has been described for legume-rhizobia interactions. The diversity of flavonoids provides an additional layer of specificity to the rhizobium-legume interaction that is determined by Nod factor structure, ensuring that only specific host/microbe pairs proceed to infection.

An evolutionary assessment of the various mechanisms conferring specificity is presented by Wang et al. who also highlight recent advances in our understanding of how immune responses have been co-opted to delimit successful symbiotic responses. Even successful infections must be limited, so that they do not excessively drain plant resources. Plant peptides of the CLE (CLAVATA3/EMBRYO SURROUNDING REGION-RELATED) family have long been known to control nodule numbers as part of an internal regulatory mechanism termed autoregulation of nodulation. In their review of mechanisms of autoregulation in plant-microbe interactions more broadly, Wang et al. present the first evidence that one of the components of the autoregulation of nodulation pathway, the peptide receptor CLV2 (CLAVATA2), which also controls shoot apical meristem formation, is additionally required for autoregulation of mycorrhization in the non-legume tomato. This finding further underscores the parallels between signaling between plant host and endosymbiont in the mycorrhizal symbiosis and the rhizobium-legume symbiosis.

Once inside plant cells, endosymbionts and their plant host continue to signal each other to coordinate metabolism and development. Kereszt et al. present a broad overview of the diverse functions and evolution of plant signaling peptides in symbiotic processes in legumes and non-legumes with an emphasis on families of nodule-specific cysteine-rich (NCR) peptides (over 700 in Medicago truncatula!) with the ability to control bacteroid differentiation and elongation. Salgado et al. find that small defensin peptides produced by Alnus glutinosa, also produced by other actinorhizal plants, play parallel roles to NCR peptides in nodule symbiosis, suggesting convergent evolution or a common origin of microsymbiont control mechanisms.

In addition to the mycorrhizal origins of the plant-microbe interactions shared by all these root endosymbioses, root nodule formation involves the formation of a new organ. Mycorrhizae in general do not form a new organ, so nodule organs must have a different origin, meaning that the evolution of root nodule symbioses required both the co-option of the mycorrhizal signal response pathway as well as a second evolutionary event leading to the formation of a new organ. For decades, the model for the second event was that the ancestor of the fabids (Fabales, Fagales, Rosales and Cucurbitales) acquired a predisposition for nodulation, followed by multiple gains of the ability to nodulate (Doyle, 2016). However, as mentioned above, recent phylogenomic studies demonstrate a single origin of nodulation, followed by multiple losses, thus overturning this long-standing paradigm (Griesmann et al., 2018; van Velzen et al., 2018). This raised the importance of comparative studies including non-legume root nodule symbioses in order to distinguish between common vs. lineage-specific traits essential for nodule development and function. In this issue, five studies deal with root nodule symbioses of the Rosales. Van Zeijl et al. describe the analysis of CRISPR-Cas9 mediated knockouts of four putative nodulation-related genes in Parasponia andersonii (Cannabaceae, Rosales), the only non-legume able to enter a root nodule symbiosis with rhizobia, uncovering a novel role for the ethylene signaling component EIN2 in intracellular infection of P. andersonii nodules. Billault-Penneteau et al. describe the first step to examine another root nodule-forming member of the Rosales, establishing the sister species Dryas octopetala (ectomycorrhizal, non-nodulating) and Dryas drummondii (arbuscular mycorrhizal, nodulating) as model systems. Salgado et al. compare the nodule transcriptomes of two actinorhizal species that interact with closely related microsymbionts, Ceanothus thyrsiflorus (Rhamnaceae, Rosales) and Datisca glomerata (Datiscaceae, Cucurbitales). As mentioned above, Gifford et al. analyze the role of flavonoids in the symbiosis of D. glomerata. Last but not least, Cissoko et al., using the best-examined actinorhizal model system, Casuarina glauca (Casuarinaceae, Fagales) show the similarity between Root Hair Deforming Factor and the NIN activating factor, with NIN encoding a central transcription factor essential for root nodule symbioses. This provides an important step toward the identification of the signal factor of Fagales-infective Frankia.

Continuing this approach, Battenberg et al. perform a comparative transcriptomic analysis of the same two actinorhizal nodulators analyzed by Salgado et al., Ceanothus thyrsiflorus (Rhamnaceae, Rosales) and Datisca glomerata (Datiscaceae, Cucurbitales), providing new support for the two-step process of nodule evolution, in which an initial event at the base of the Nitrogen-Fixing Clade is followed by additional selection pressure at the base of each host lineage. This extends the model of a single origin of nodulation (Griesmann et al., 2018; van Velzen et al., 2018), revealing additional insight into the origins of nodulation (Parniske, 2018).

Finally, the more recent ericoid and ectomycorrhizal symbioses, which evolved from fungal lineages distinct from those that form arbuscular mycorrhizae (Wang and Qiu, 2006), are revealing novel ways in which fungi can signal the plant. The ericoid mycorrhizal symbiosis in particular, is unusual in that it also is able to enter cells to form an endosymbiosis but the signaling between fungus and plant is completely unknown. Casarrubia et al. identify a small, secreted protein, OmSSP1, from an ericoid mycorrhizal fungus, that shares features with hydrophobin effectors produced by ectomycorrhizal fungi, but appears to function in ericoid infection or colonization of the Vaccinium myrtillus root, thus identifying one of the first molecular signals between endosymbiont and host in this symbiosis.

By comparing the conserved and divergent processes by which these microbial and plant partners interact to form endosymbioses, these research articles, perspectives and reviews, provide insight into the evolutionary history of symbiotic signaling and pave the way for a deeper understanding of the commonalities and the unique features among these endosymbiotic interactions of plant roots.
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Parasponia represents five fast-growing tropical tree species in the Cannabaceae and is the only plant lineage besides legumes that can establish nitrogen-fixing nodules with rhizobium. Comparative analyses between legumes and Parasponia allows identification of conserved genetic networks controlling this symbiosis. However, such studies are hampered due to the absence of powerful reverse genetic tools for Parasponia. Here, we present a fast and efficient protocol for Agrobacterium tumefaciens-mediated transformation and CRISPR/Cas9 mutagenesis of Parasponia andersonii. Using this protocol, knockout mutants are obtained within 3 months. Due to efficient micro-propagation, bi-allelic mutants can be studied in the T0 generation, allowing phenotypic evaluation within 6 months after transformation. We mutated four genes – PanHK4, PanEIN2, PanNSP1, and PanNSP2 – that control cytokinin, ethylene, or strigolactone hormonal networks and that in legumes commit essential symbiotic functions. Knockout mutants in Panhk4 and Panein2 displayed developmental phenotypes, namely reduced procambium activity in Panhk4 and disturbed sex differentiation in Panein2 mutants. The symbiotic phenotypes of Panhk4 and Panein2 mutant lines differ from those in legumes. In contrast, PanNSP1 and PanNSP2 are essential for nodule formation, a phenotype similar as reported for legumes. This indicates a conserved role for these GRAS-type transcriptional regulators in rhizobium symbiosis, illustrating the value of Parasponia trees as a research model for reverse genetic studies.

Keywords: Parasponia andersonii, rhizobium, nodule, symbiosis, CRISPR/Cas9, stable transformation


INTRODUCTION

Parasponia are tropical tree species belonging to the Cannabis family (Cannabaceae) and are known as the only non-legume plants that can establish a nitrogen-fixing endosymbiosis with rhizobium (Clason, 1936; Trinick, 1973; Akkermans et al., 1978). The Parasponia genus consists of five species indigenous to the Malay Archipelago and Papua New Guinea, where they grow on the slopes of volcanic mountains (Clason, 1936; Soepadmo, 1974; Becking, 1992). Parasponia spp. are typical fast-growing pioneer plants, capable of covering nitrogen-poor eroded soils in a relatively short time span (Becking, 1992). Under suitable greenhouse conditions, young Parasponia trees can grow at speeds exceeding 45 centimeters per month, and fix up to 850 kg N ha-1 year-1 in association with rhizobium (Trinick, 1980, 1981; Trinick and Hadobas, 1989). As Parasponia is the only non-legume that can establish rhizobium symbiosis, it may represent a valuable model to study the core genetic networks underlying this symbiosis (Geurts et al., 2012, 2016; Behm et al., 2014).

Like legumes, Parasponia develops specialized root nodular organs to host the rhizobium partner. Nodules provide the rhizobium bacteria with suitable environmental conditions to convert atmospheric nitrogen into ammonium. The Cannabaceae and legume family (Fabaceae) diverged about a 100 million years ago (Wang et al., 2009), underlining that the rhizobium symbiosis in legumes and Parasponia evolved largely independent (Li et al., 2015). This is reflected in the distinct nodule-types found in both lineages (Behm et al., 2014). Legume nodules possess a large central zone of infected cells, which is surrounded by peripheral vascular bundles. In contrast, Parasponia nodules have a central vascular bundle and infected cells in the peripheral zone, giving these nodules a lateral root-like appearance. Nevertheless, initial comparative studies revealed that both symbioses are founded on conserved signaling networks. In legumes as well as Parasponia, root nodule formation is induced upon recognition of rhizobial secreted lipo-chitooligosaccharide (LCO) signals (Marvel et al., 1987; Op den Camp et al., 2011; Granqvist et al., 2015). Research on model legumes, like Medicago truncatula and Lotus japonicus, showed that the perception of these symbiotic signals requires a signaling cascade that has been co-opted from the much older endomycorrhizal symbiosis (Geurts et al., 2012; Oldroyd, 2013). In legumes, activation of the LCO signaling network results in a massive transcriptional reprogramming, requiring among others the GRAS-type transcriptional regulators NODULATION SIGNALLING PATHWAY 1 (NSP1) and NSP2 and the cytokinin receptor MtCRE1/LjLHK1 (Kaló et al., 2005; Smit et al., 2005; Gonzalez-Rizzo et al., 2006; Heckmann et al., 2006; Murray et al., 2007; Tirichine et al., 2007; Plet et al., 2011). Subsequent nodule formation is tightly controlled by regulatory feedback loops, including negative regulation by ethylene signaling (Penmetsa et al., 2008; Miyata et al., 2013; van Zeijl et al., 2015b).

A reference quality genome sequence for Parasponia andersonii and draft genome sequences of two additional Parasponia species have been generated (van Velzen et al., 2017). Mining these genomes uncovered ∼1,800 putative symbiosis genes, of which 100s are close homologs of legume symbiosis genes (van Velzen et al., 2017). Initial reverse genetic studies in P. andersonii, using a transient Agrobacterium rhizogenes-based root transformation system, revealed that at least two genes – NOD FACTOR PERCEPTION 1 (PanNFP1) and CALCIUM AND CALMODULIN-DEPENDENT PROTEIN KINASE (PanCCaMK) – commit conserved functions in the Parasponia and legume LCO signaling pathways (Op den Camp et al., 2011). We argue that a more comprehensive comparative analysis between legumes and Parasponia will allow identification of conserved genetic networks that are essential to establish symbiosis with rhizobium. However, to use Parasponia as an effective research model – alongside the legume models M. truncatula and L. japonicus – efficient transformation and genome editing tools are required.

Here, we exploit an efficient in vitro micro-propagation system available for P. andersonii to establish stable transformation and CRISPR/Cas9-mediated mutagenesis for this species (Davey et al., 1993; Webster et al., 1995; Cao et al., 2012). We show that using Agrobacterium tumefaciens-mediated transformation, stable transgenic lines of P. andersonii can be obtained in ∼3–4 months. Additionally, we show that P. andersonii is amenable to targeted mutagenesis using the CRISPR/Cas9 system. As ∼40% of the resulting T0 lines harbor bi-allelic mutations, these can be phenotyped upon in vitro propagation. As proof of concept, we mutated four genes in P. andersonii that in legumes control hormonal pathways as well as commit symbiotic functions. These include: the GRAS-type transcriptional regulators NSP1 and NSP2 that are essential for nodule organogenesis (Kaló et al., 2005; Smit et al., 2005; Heckmann et al., 2006) and control strigolactone biosynthesis by mediating DWARF27 (D27) expression (Liu et al., 2011; van Zeijl et al., 2015a); the cytokinin receptor HISTIDINE KINASE 4 (HK4) that in legumes is essential for nodule organogenesis (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Plet et al., 2011); and the ethylene signaling hub ETHYLENE INSENSITIVE 2 (EIN2) that is a negative regulator of nodulation in legumes (Penmetsa and Cook, 1997; Penmetsa et al., 2008; Miyata et al., 2013).



MATERIALS AND METHODS

Plant Materials and Growth Conditions

All experiments were conducted using P. andersonii WU1 or offspring thereof (Op den Camp et al., 2011; van Velzen et al., 2017). P. andersonii trees were grown in a conditioned greenhouse at 28°C, 85% humidity and a 16/8 h day/night regime. For in vitro culturing, P. andersonii was grown in an Elbanton growth cabinet at 28°C, 16/8 h day/night. Growth of young P. andersonii plantlets for nodulation assays or qRT-PCR analysis was performed in 1 L crystal-clear polypropelene containers equipped with a gas exchange filter (OS140BOX, Duchefa Biochemie, Netherlands). Pots were half-filled with agraperlite (Maasmond-Westland, Netherlands) and watered with modified EKM medium [3 mM MES (C6H13NO4) pH 6.6, 2.08 mM MgSO4, 0.88 mM KH2PO4, 2.07 mM K2HPO4, 1.45 mM CaCl2, 0.70 mM Na2SO4, 0.375 mM NH4NO3, 15 μM Fe-citrate, 6.6 μM MnSO4, 1.5 μM ZnSO4, 1.6 μM CuSO4, 4 μM H3BO3, 4.1 μM Na2MoO4] (Becking, 1983) and placed in a climate room set at 28°C, 16/8 h day/night. For nodulation assays, EKM medium was inoculated with Mesorhizobium plurifarium BOR2 (OD600 = 0.025) (van Velzen et al., 2017).

Vectors and Constructs

For CRISPR/Cas9-mediated mutagenesis, binary transformation constructs were created using Golden Gate assembly (Engler et al., 2009). For an overview of all Golden Gate clones used in this study, see Supplementary Table 1. sgRNAs were designed based on the principles described in Doench et al. (2014) and PCR amplified using specific forward primers and a universal reverse primer (Supplementary Table 2), using Addgene plasmid # 46966 as template (Nekrasov et al., 2013). These were cloned behind the AtU6p small RNA promoter and inserted behind the neomycin phosphotransferease II gene (NPTII) and an Arabidopsis thaliana codon-optimized variant of Cas9 (Fauser et al., 2014) fused to an N-terminal nuclear localization signal and driven by the 35S promoter (Supplementary Table 1). As negative control, a binary vector was created containing only the NPTII- and NLS-Cas9-encoding sequences (Supplementary Table 1). To setup P. andersonii stable transformation, vector pKGWFS7-RR was used (Karimi et al., 2002).

Phylogenetic Reconstruction

Protein sequences of Glycine max (Wm82.a2.v1) (Schmutz et al., 2010), M. truncatula (Mt4.0v1) (Young et al., 2011; Tang et al., 2014) and Populus trichocarpa (v3.0) (Tuskan et al., 2006) were obtained through Phytozome 101. Protein sequences of P. andersonii (PanWU01x14_asm01_ann01) and Trema orientalis (TorRG33x02_asm01_ann01) were obtained from www.parasponia.org (van Velzen et al., 2017). These sequences were mined using sequences from A. thaliana (TAIR102) (Lamesch et al., 2012) and M. truncatula. Protein sequences were aligned using MAFFT v7.017 (Katoh et al., 2002) implemented in Geneious 8.1.9 (Biomatters, New Zealand), using default parameter settings. Approximately-maximum-likelihood phylogenetic trees were constructed using FastTree (Price et al., 2009) implemented in Geneious 8.1.9. Mid-point rooting was applied for better tree visualization using FigTree v1.4.23.

Plant Transformation

Stable transformation of P. andersonii was performed using A. tumefaciens strain AGL1 (Lazo et al., 1991). A. tumefaciens was grown for 2 days on agar-solidified LB medium containing appropriate antibiotics. For each P. andersonii transformation, two Petri dishes (Ø 9 cm) of A. tumefaciens were used. Bacteria were scraped from plate and resuspended in 25 ml of infiltration medium [SH10 (Supplementary Table 3), 20 mg/l acetosyringone (Sigma, United States), 0.001% (v/v) Silwet L-774]. P. andersonii tissue explants used for transformation were harvested from mature trees grown under greenhouse conditions and sterilized in 2% commercial bleach for 15 min. Tissue explants were cut at both ends inside the A. tumefaciens suspension, creating fresh wound surfaces, and kept inside the suspension for about 20 min. Subsequently, excess liquid was removed from tissue explants using sterilized filter paper and explants were placed on co-cultivation medium [Root-inducing medium (Supplementary Table 3), 20 mg/l acetosyringone (Sigma, United States)]. Plates were incubated for 2 days at 21°C in darkness. After 2 days, tissue explants were washed three times using SH10 (Supplementary Table 3) and subsequently dried using filter paper. Tissue explants were placed on root-inducing medium containing 50 mg/l kanamycin and 300 mg/l cefotaxime and incubated at 28°C, 16/8 h day/night. Nine days after transformation, tissue explants were transferred to propagation medium (Supplementary Table 3) containing 50 mg/l kanamycin and 300 mg/l cefotaxime. Plates were refreshed every other week. When regenerative calli reached ∼2 mm in size they were separated from tissue explants to stimulate shoot formation. A single shoot was selected per tissue explant. These shoots were propagated on propagation medium (Supplementary Table 3), as previously described (Cao et al., 2012). Rooted plantlets were generated by placing individual shoots on root-inducing medium (Supplementary Table 3) (Cao et al., 2012).

Characterization of Transgenic Lines

For T-DNA copy number estimates based on qPCR analysis, genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Germany). qPCR was set up in a 10 μl reaction system with 2x iQ SYBR Green Super-mix (Bio-Rad, United States) and 5 ng template DNA. The experimental setup and procedure were executed on a CFX Connect optical cycler, according to the manufacturer’s protocol (Bio-Rad, United States). T-DNA copy number was estimated using two primer pairs amplifying part of the T-DNA and two primer pairs amplifying single copy P. andersonii genes (PanAGT1 and PanWU01x14_asm01_ann01_338920) that were selected based on a study by Duarte et al. (2010). Primer sequences are listed in Supplementary Table 2. Data analysis was performed using CFX Manager 3.0 software (Bio-Rad, United States). For T-DNA copy number estimates based on Southern blotting, genomic DNA was separately digested with XbaI, HindIII, and EcoRI. Blots were hybridized with a 516 bp α-32P-labeled probe corresponding to part of the NPTII gene that was amplified using primers nptII_Fw and nptII_Rv listed in Supplementary Table 2.

Genotyping of transgenic lines was performed using the Phire Plant Direct PCR Kit (Thermo Scientific, United States) and gene specific primers listed in Supplementary Table 2. Ploidy estimates of transgenic lines were determined by FACS as described by van Velzen et al. (2017).

To determine ethylene sensitivity of Panein2 mutants, tips of young branches of 4 months-old trees were covered with 1 L plastic bags and injected with 1 ml of pure ethylene gas. After 3 days, bags were removed and leaf abscission examined. Total number of leaves on treated branches varied from 6 to 18.

Microtome Sectioning

Stem cross-sections were made from the primary stem, 5 cm below the apical meristem, of 2 month-old trees. Shoot tissue was fixed in 5% glutaraldehyde and embedded in Technovit 7100 (Heraeus-Kulzer, Germany), according to the manufacturer’s protocol. Semi-thin (7 μm) sections were cut using a microtome (Reichert-Jung, Leica Microsystems, Netherlands) and stained with 0.05% Toluidine Blue O. Images were taken using a Leica DM5500B microscope equipped with a DFC425C camera (Leica Microsystems, Germany). Average procambium cell number was quantified by averaging the number of cells within 25–40 cell files for each of the biological replicates.

Nodule tissue fixation and embedding was performed as previously described (Fedorova et al., 1999). Semi-thin (0.6 μm) sections were cut using a Leica Ultracut microtome (Leica Microsystems, Germany) and photographed as described above.

RNA Isolation and qRT-PCR Analysis

RNA was isolated from snap-frozen root tips (∼2–3 cm) as described by van Velzen et al. (2017). cDNA was prepared from 1 μg of total RNA using the i-script cDNA synthesis kit (Bio-Rad, United States), following the manufacturer’s instructions. RT-qPCR was set up as described above. Normalization was performed based on two stably expressed reference genes [UNKNOWN 2 (PanUNK2) and ELONGATION FACTOR 1α (PanEF1α)], chosen based on previous study (Czechowski et al., 2005; Bansal et al., 2015). All primer sequences are listed in Supplementary Table 2.

Statistical Analysis

Statistical differences were determined based on one-way ANOVA and Tukey post hoc tests. Statistical analyses were performed using IBM SPSS Statistics 23.0 (IBM, United States).



RESULTS

Agrobacterium tumefaciens-Mediated Transformation of Parasponia

To establish a protocol for stable transformation of P. andersonii, we first determined the most optimal conditions for regeneration of non-transgenic tissue. We compared regeneration efficiencies of nine tissue explant types in combination with 11 different media, including the propagation and root-inducing media previously used for P. andersonii (Supplementary Tables 4, 5) (Op den Camp et al., 2011; Cao et al., 2012). This revealed that young stem pieces and petioles placed on original propagation medium regenerate plantlets most efficiently (Supplementary Table 4). Next, we questioned whether stem pieces and petioles could be transformed efficiently using A. tumefaciens. To this end, we used A. tumefaciens AGL1 carrying a binary transformation vector containing in its T-DNA the kanamycin resistance gene NPTII and the red fluorescent protein DsRED1. Co-cultivation of A. tumefaciens and P. andersonii stem or petiole explants was conducted in darkness for 2 days at 21°C to promote T-DNA transfer (Cao et al., 2012). Afterward, tissue explants were placed on selective medium and incubated at 28°C in the light. These latter conditions are most favorable for P. andersonii regeneration (Cao et al., 2012). From day 8 onwards, DsRED1-fluorescent cells could be observed near the wound surface indicating a successful transfer of the T-DNA.

Recent research on A. thaliana showed that acquisition of pluripotency requires activation of a root developmental program (Kareem et al., 2015). We tested whether an initial culturing period on root-inducing medium further improves the transformation efficiency of P. andersonii. This showed to be the case (Supplementary Table 6). About half of the explants formed regenerative calli at 4 weeks after co-cultivation (Figure 1A). When 2 mm in size, transgenic calli were separated from tissue explants, which stimulated shoot formation (Figures 1B,C). Two to three months after the start of transformation, a single shoot was selected from each explant to ensure that the transgenic lines represent independent transformation events. These shoots can be genotyped and vegetatively propagated (Supplementary Figure 1). The latter allows clonal multiplication of individual transgenic lines in a period of ∼4–6 weeks, which means that phenotyping assays could be initiated at ∼4 months after the start of transformation.
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FIGURE 1. Parasponia andersonii stem and petiole explants can be efficiently transformed using Agrobacterium tumefaciens. (A) Petiole explant at 4 weeks after transformation using A. tumefaciens. Arrowheads indicate transgenic micro-calli. (B) Stem explant at 5 weeks after transformation using A. tumefaciens. (C) Small transgenic shoots at 10 weeks after transformation. Explants were incubated on root-inducing medium for 9 days, prior to transfer to propagation medium. DsRED fluorescence indicates transgenic tissue. Scale bars are equal to 2.5 mm. Shown from top to bottom are bright-field images, overlays of bright-field and DsRED fluorescence and DsRED fluorescence images.



To characterize the resulting transgenic P. andersonii lines at the molecular level, we selected – based on red fluorescence – 20 independent transformants for further analyses. PCR reactions using primers amplifying a sequence near the right T-DNA border indicated complete T-DNA integration in 19 out of 20 lines (Supplementary Table 7). To determine whether the transformation procedure might affect ploidy level of the regenerated transgenic lines, we estimated genome size based on flow cytometry. This showed no effect of the transformation procedure on the genome size of transgenic lines (Supplementary Table 7). To estimate the number of T-DNA integrations, we used quantitative RT-PCR (qRT-PCR) as well as Southern blotting. This showed an overall low T-DNA copy number, varying between one and three integrations per line (Supplementary Table 7). We selected three transgenic lines with a single T-DNA integration to examine T-DNA stability. In greenhouse-grown trees as well as in vitro propagated material, DsRED1 fluorescence could still be observed at 6–12 months after transgenic lines were selected (Supplementary Figures 1, 2). This indicates that trans-genes remain stably integrated into the P. andersonii genome and actively transcribed, even after multiple rounds of vegetative propagation. Taken together, the protocol described above allows generating A. tumefaciens-transformed P. andersonii plantlets within 3 months, which can be phenotyped upon vegetative propagation.

Parasponia Is Amenable to CRISPR/Cas9-Mediated Mutagenesis

To test whether CRISPR/Cas9 could be used for targeted mutagenesis in P. andersonii, we aimed at mutating the P. andersonii putative orthologs of EIN2, MtCRE1/LjLHK1, NSP1, and NSP2. These genes were selected, because they control legume root nodule formation as well as commit essential non-symbiotic functions in hormone homeostasis. Putative orthologs of all four genes were previously identified from the P. andersonii genome and named PanEIN2, PanHK4, PanNSP1, and PanNSP2, respectively (van Velzen et al., 2017). Phylogenetic reconstruction based on protein sequences confirmed that these represent the most likely orthologs of legume symbiotic genes (Supplementary Figures 3–6). To mutate PanEIN2, PanHK4, PanNSP1 and PanNSP2, three single guide RNAs (sgRNAs) targeting PanHK4 and PanNSP2 and single sgRNAs targeting PanEIN2 and PanNSP1 were placed under an A. thaliana AtU6 small RNA promoter (Nekrasov et al., 2013). These were cloned into a binary transformation vector containing the NPTII kanamycin resistance gene as well as a Cas9-encoding sequence fused to an N-terminal nuclear-localization signal and driven by the CaMV 35S promoter (Engler et al., 2014; Fauser et al., 2014). The resulting constructs as well a control construct containing only the NPTII- and Cas9-encoding sequences were transformed to P. andersonii using the method described above. For all constructs, transgenic shoots were obtained, although in case of the construct targeting PanHK4 regeneration took considerably longer (up to 6 months). Genotyping of regenerated shoots showed that >85% contained the Cas9 gene, indicating successful transformation. Potential mutations at any of the target sites were identified through PCR amplification and subsequent sequencing of the PCR product. This revealed mutations at the target site in about half of the transgenic shoots examined, of which the majority were bi-allelic (Table 1). Most mutations represent small insertions and deletions but also larger deletions and inversions were identified, some of which occur in between two target sites (Supplementary Figures 7–10). In case of PanHK4, most mutants contained small in-frame deletions of 3 or 6 bp that most likely do not disrupt protein function. In fact, only two bi-allelic knockout mutants could be identified (Supplementary Figure 8). For the remaining three constructs, multiple bi-allelic knockout mutants were identified of which three individuals were selected for further studies (for an overview of mutant alleles see Supplementary Figures 7–10).

TABLE 1. Mutation frequency in CRISPR/Cas9 transgenic lines.
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For phenotypic evaluation, P. andersonii T0 transgenic lines are propagated vegetatively. Therefore, we first evaluated whether any of the mutant lines might be chimeric. To this end, tissue samples were taken from at least three different positions and genotyped for the corresponding target mutation. For each of the mutant lines, except Pannsp2–9, the same mutations were retrieved, suggesting that genome editing occurred soon after T-DNA integration. In case of Pannsp2–9, chimeric mutations were detected at the first of three target sites (Supplementary Figure 10C). However, the nature of the mutations at the second and third target site prevent that gene function could be restored in this line. Therefore, all 11 mutants are suitable for phenotypic evaluation. This proves that CRISPR/Cas9 can be used to efficiently mutagenize P. andersonii in the T0 generation.

Non-symbiotic Phenotypes in Parasponia ein2, hk4, nsp1, and nsp2 Mutant Lines

To characterize the resulting Panein2, Panhk4, Pannsp1 and Pannsp2 mutant lines, we studied their non-symbiotic phenotypes. PanEIN2 putatively encodes a central component of the ethylene signaling pathway and therefore Panein2 mutants are expected to be ethylene insensitive. One phenotype triggered in response to ethylene treatment is abscission of leaves and flowers, as shown in amongst others common bean (Phaseolus vulgaris), cotton (Gossypium hirsutum), and citrus (Citrus clementina) (Jackson and Osborne, 1970; Brown, 1997; Agustí et al., 2009). We exploited this phenotype to assess ethylene sensitivity of Panein2 mutants. To this end, the tips of young shoot branches of greenhouse grown trees were exposed to ethylene gas. Within 3 days, ethylene triggered abscission of ∼65% of treated leaves on wild-type (WT) P. andersonii as well as control transgenic lines (Figure 2). In contrast, leaf abscission was not observed on Panein2 mutant trees (Figure 2). This demonstrates that Panein2 mutants are indeed ethylene insensitive.


[image: image]

FIGURE 2. Panein2 mutants are insensitive to ethylene treatment. (A) Percentage of abscised leaves after mock or ethylene treatment. Data represent means of 3–5 biological replicates ± SEM. Dots represent measurement values of biological repeats. Different letters indicate statistical significance (p < 0.05) as determined by ANOVA in combination with Tukey post hoc test. (B) Representative images showing abscission of leaves on a transgenic control line (Ctr-44), but not on a Panein2 mutant. Abscission points are indicated by arrowheads.



Inspection of Panein2 mutant trees revealed an additional non-symbiotic phenotype. These trees form bisexual flowers containing both male and female reproductive organs (Figures 3A–C). In contrast, WT P. andersonii trees form unisexual flowers that contain either stamens or carpels (Becking, 1992) (Figures 3D,E). This suggests that ethylene is involved in the regulation of Parasponia sex type.
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FIGURE 3. Panein2 mutants form bisexual flowers. (A) Mature Panein2 flower. Note the presence of both stamen and a carpel inside Panein2 flowers. (B) Immature Panein2 flower. Note the presence of stigmata, indicating presence of a carpel inside the flower. (C) Immature Panein2 flower of which sepals have been removed to show the presence of stamen. (D) Mature wild-type (WT) male flower. (E) Mature WT female flowers. Left: young female flower. Right: older female flower. Scale bars are equal to 1 mm.



Cytokinins are important regulators of cambial activity, as shown in A. thaliana and poplar (Populus tremula x tremuloides) (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008; Bhalerao and Fischer, 2017). To determine whether reduced cytokinin sensitivity in Panhk4 mutant lines affects the activity of the procambium, we sectioned young primary stems, 5 cm below the apical meristem. This showed that procambium activity is reduced in Panhk4 mutant lines compared to transgenic controls (Figure 4). Therefore, we conclude that PanHK4-mediated cytokinin signaling is required for regulation of P. andersonii secondary growth.
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FIGURE 4. Panhk4 mutants display reduced procambium activity. (A) Average number of procambium cells in WT, transgenic control (Ctr) and Panhk4 mutant stems. Data represent means of four biological replicates ± SEM. Dots represent measurement values of biological repeats. Different letters indicate statistical significance (p < 0.05) as determined by ANOVA in combination with Tukey post hoc test. (B) Representative images of stem cross-sections of control transgenic (Ctr) and Panhk4 mutant lines. The location of the procambium is indicated by red lines. Scale bars represent 50 μm.



Expression studies in M. truncatula previously identified a set of genes downregulated in roots of Mtnsp1 and Mtnsp2 mutants (Liu et al., 2011). Among these are DWARF27 (MtD27; Medtr1g471050) and MORE AXILLARY BRANCHING 1 (MtMAX1; Medtr3g104560) that are putatively involved in strigolactone biosynthesis (Liu et al., 2011; Cardoso et al., 2014; Zhang et al., 2014; van Zeijl et al., 2015a). We identified putative P. andersonii orthologs of these genes (Supplementary Figures 11, 12) and compared their expression levels in young root segments of three Pannsp1, Pannsp2 and control plants by qRT-PCR. This showed that expression of PanD27 and PanMAX1 is reduced in roots of Pannsp1 and Pannsp2 mutant lines (Figure 5). We noted that Pannsp1 mutant lines differ in the level of PanD27 and PanMAX1 expression. Both genes have an intermediate expression level in Pannsp1–6 and Pannsp1–13, compared to Pannsp1–39 and Pannsp2 mutants (Figure 5). The three Pannsp1 mutant lines differ from each other in the type of mutations that were created. Pannsp1–6 and Pannsp1–13 contain a 1 bp insertion and 5 bp deletion close to the 5′-end of the coding region, respectively. These mutations are immediately followed by a second in-frame ATG that in WT PanNSP1 encodes a methionine at position 16. In contrast, Pannsp1–39 contains a large 232 bp deletion that removes this in-frame ATG (see Supplementary Figure 9). Together, this suggests that Pannsp1–6 and Pannsp1–13 might represent weak alleles. Overall, these data suggest that regulation of D27 and MAX1 expression by NSP1 and NSP2 is conserved between M. truncatula and P. andersonii.
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FIGURE 5. Expression of PanD27 and PanMAX1 is reduced in Pannsp1 and Pannsp2 mutant roots. Relative expression of PanD27 (A) and PanMAX1 (B) in roots of transgenic control (Ctr) and Pannsp1 and Pannsp2 mutant lines. Data represent means of three biological replicates ± SEM. Dots represent measurement values of biological repeats. Different letters indicate statistical significance (p < 0.05) as determined by ANOVA in combination with Tukey post hoc test.



Taken together, we showed that EIN2, HK4, NSP1, and NSP2 in P. andersonii commit non-symbiotic functions in hormonal homeostasis. These functions are in line with what is described for other plant species, suggesting that the generated P. andersonii lines represent true mutants.

Nodulation Phenotypes of Parasponia Panein2 and panhk4 Mutants Differ From Their Legume Counterparts

To determine whether PanEIN2, PanHK4, PanNSP1, and PanNSP2 perform similar functions during nodule formation as their legume orthologs, P. andersonii mutant plantlets were inoculated with Mesorhizobium plurifarium BOR2 (van Velzen et al., 2017). Nodulation phenotypes were examined 1 month after inoculation.

The strong Pannsp1–39 mutant allele and all three Pannsp2 mutant lines are unable to form root nodules (Figure 6A and Supplementary Figure 13). This is similar as described for M. truncatula, L. japonicus, and Pisum sativum nsp1 and nsp2 mutants (Kaló et al., 2005; Smit et al., 2005; Heckmann et al., 2006; Shtark et al., 2016). In contrast, the weak Pannsp1 alleles Pannsp1–6 and Pannsp1–13 could be nodulated similar as WT or control transgenic plants (Figure 6A and Supplementary Figure 13), suggesting that residual PanNSP1 activity is sufficient to support root nodule formation. Overall, these data show that NSP1 and NSP2 functioning is essential for root nodule formation in Parasponia.
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FIGURE 6. Nodule formation on P. andersonii CRISPR/Cas9 mutant lines. (A) Nodule number per gram root fresh weight on WT, transgenic control (Ctr) and Pannsp1 and Pannsp2 mutant lines. Nodule number was determined at 1 month after inoculation with Mesorhizobium plurifarium BOR2. (B) Nodule number per gram root fresh weight on WT, transgenic control (Ctr) and Panein2 and Panhk4 mutant lines. Nodule number was determined at 1 month after inoculation with Mesorhizobium plurifarium BOR2. (C) Representative images of 1 month-old nodules. Note the dark color of Panein2 nodules. Scale bars are equal to 0.5 mm. Data in (A,B) represent means of 5–7 biological replicates ± SEM. Dots represent measurement values of biological repeats. Different letters indicate statistical significance (p < 0.05) as determined by ANOVA in combination with Tukey post hoc test. Data on nodule number and root weight are shown in Supplementary Figure 13.



Analysis of the nodulation phenotype of P. andersonii Panhk4 mutants showed that PanHK4 is not required for root nodule formation. Both Panhk4 mutant lines formed a similar amount of nodules as WT and transgenic controls (Figure 6B and Supplementary Figure 13). This is different from the corresponding legume mutants – M. truncatula Mtcre1 and L. japonicus Ljlhk1 – that are generally not forming root nodules (Murray et al., 2007; Plet et al., 2011).

The phenotype of P. andersonii Panein2 mutants also differs from that of legume mutants. M. truncatula ein2 mutants – as well as L. japonicus plants in which both EIN2-encoding genes have been silenced – form more nodules than WT, which are clustered in distinct zones along the root (Penmetsa and Cook, 1997; Miyata et al., 2013). Panein2 mutants do not form such nodule clusters and nodule number is not higher than WT (Figure 6B and Supplementary Figure 13). However, nodules formed on Panein2 mutant plants are smaller and dark colored when compared to nodules of control plants (Figure 6C). This suggests impaired nodule development in P. andersonii ein2 mutants.

To determine the cytoarchitecture of Panein2, Panhk4, and Pannsp1–6/Pannsp1–13 mutant nodules, we sectioned ∼10 nodules for each mutant line and studied these by light microscopy. Wild-type P. andersonii nodules harbor an apical meristem, followed by several cell layers that contain infection threads (Figure 7A) (Op den Camp et al., 2012). Below this infection zone, 2–3 cell layers are present that display vacuolar fragmentation and increase in size compared to non-infected cells (Figure 7B). These cells are followed by cells that are filled with fixation threads (Figures 7B,C). The general cytoarchitecture of Panhk4 and Pannsp1–6/Pannsp1–13 mutant nodules does not differ from that of WT or transgenic control nodules (Figures 7A,D,E), suggesting that these are functional. In contrast, in Panein2 mutant nodules intracellular infection is hampered (Figures 7F–I). Most (>75%) Panein2 mutant nodules harbor only infection threads as well as large apoplastic colonies (Figure 7I). Some mutant nodules, harbor cells that contain fixation threads. However, even in the best nodules, fixation thread formation is severely delayed and many cells in the fixation zone still show vacuolar fragmentation (Figure 7I). This shows that ethylene signaling is required for efficient fixation thread formation in P. andersonii nodules.
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FIGURE 7. Cytoarchitecture of CRISPR/Cas9 mutant nodules. (A) Longitudinal nodule sections of 1 month-old nodule formed on transgenic control line Ctr-9. (B) Zoom in on cells in the infection (IZ) and fixation zone (FZ) of the transgenic control nodule shown in (A). Note the presence of small fragmented vacuoles in infected cells in the infection zone. (C) Zoom in on a cell in the fixation zone of a transgenic control nodule showing the presence of fixation threads. (D) Longitudinal nodule sections of 1 month-old nodule formed on Pannsp1–13. (E) Longitudinal nodule sections of 1 month-old nodule formed on Panhk4–25. (F) Longitudinal nodule sections of 1 month-old nodule formed on Panein2–15. (G) Longitudinal nodule sections of 1 month-old nodule formed on Panein2–17. (H) Zoom in on cells in the basal part of the Panein2–15 nodule shown in (F). Indicated by an arrowhead are cells containing fixation threads. (I) Zoom in of the Panein2–17 nodule shown in (G). Indicated by an arrowhead are infection threads. Indicated by an arrow are large apoplastic colonies. Scale bars in (A,D–G) are equal to 150 and 25 μm in (B,C,H,I).



Taken together, these data reveal symbiotic mutant phenotypes for nsp1, nsp2 and ein2, whereas no effect on nodule formation was found by knocking out hk4 in P. andersonii. Interestingly, we uncovered a novel role for the ethylene signaling component EIN2 in intracellular infection of P. andersonii nodules.



DISCUSSION

Comparative studies between legumes and the Cannabaceae tree Parasponia can provide insights into ‘core’ genetic networks underlying rhizobium symbiosis (van Velzen et al., 2017). To facilitate such studies, we aimed to establish a reverse genetics platform for P. andersonii based on CRISPR/Cas9 genome editing. We show that using A. tumefaciens transformation, P. andersonii stable transgenic lines can be obtained in 3–4 months. In combination with CRISPR/Cas9 mutagenesis, this allows efficient generation of bi-allelic knockout mutants. As a proof-of-concept, we mutated four genes that commit essential symbiotic functions in legumes as well as control different hormonal networks. Characterization of the resulting lines revealed both symbiotic as well as non-symbiotic mutant phenotypes. Therefore, we conclude that stable A. tumefaciens-mediated transformation in combination with CRISPR/Cas9 genome editing can be efficiently used for reverse genetic analysis in P. andersonii.

Plant transformation efficiency is the main bottleneck in plant genome editing (Altpeter et al., 2016; Ledford, 2016). Especially regeneration of an entire transgenic plant out of a single transformed cell remains difficult for most plant species. We took advantage of an efficient micro-propagation system available for Parasponia spp. to establish a protocol for stable transformation (Davey et al., 1993; Webster et al., 1995; Cao et al., 2012). About 8–12 weeks after cocultivation with A. tumefaciens, ∼50% of explants develop transgenic shoots. This relatively high efficiency is, in part, obtained through an initial 9-day culturing period on root-inducing medium, before incubation on standard propagation medium. This adaptation in the protocol was inspired by a recent study that showed that regeneration of plant cells consists of two distinctive steps (Kareem et al., 2015). Regenerative competence is established through activation of a root developmental program, followed by activation of shoot promoting factors that are required to complete shoot regeneration (Kareem et al., 2015). The latter explains why transfer to propagation medium is required to regenerate P. andersonii transgenic shoots. However, this promoting effect of rooting medium on regeneration of transgenic shoots might differ between different explant types, as noted for P. andersonii stems and petioles (Supplementary Table 3).

An advantage of the Parasponia system is that T0 transgenic knockout mutants can be clonally propagated through in vitro micro-propagation (Davey et al., 1993; Webster et al., 1995; Cao et al., 2012). This allows a large number of rooted plantlets to be generated in a relatively short time span. As a result, phenotypic characterization can be initiated already at 4 months after the start of the transformation. However, a disadvantage of clonal propagation in combination with CRISPR/Cas9 mutagenesis is the possibility of obtaining chimeric mutants. Among the mutant lines we created, we identified one line (out of 11) that was chimeric for one out of three CRISPR target sites (Supplementary Figure 10C). Most mutant lines were genetically homogeneous, suggesting that mutations are induced soon after T-DNA integration. This is consistent with results in poplar, which also revealed a low percentage of chimeric mutants (Fan et al., 2015). Since chimeras are observed occasionally, thorough genotypic analysis will be required when phenotyping is performed in the T0 generation. Besides vegetative propagation, Parasponia trees can also be propagated generatively. Under suitable greenhouse conditions, Parasponia trees flower within ∼6–9 months and are self-compatible (Becking, 1992). However, Parasponia trees can be monoecious or diecious and female flowers are wind pollinated (Soepadmo, 1974). This complicates selfing of trees and the production of pure seed badges. Additionally, Parasponia trees are fast growing and occupy a substantial amount of space in a tropical greenhouse (28°C, ∼100% relative humidity), making generative propagation of multiple mutant lines logistically somewhat challenging. An alternative to generative propagation is in vitro maintenance of transgenic lines. Additionally, the fast and efficient transformation procedure presented here will allow recreation of a particular mutant in less than 6 months.

Among the mutants we created, Panhk4 and Panein2 showed symbiotic phenotypes that differ from corresponding legume mutants. P. andersonii Panhk4 mutants form nodules with a WT cytoarchitecture, indicating that these nodules are most likely functional. Analysis of stem cross-sections showed that Panhk4 mutants possess a reduced procambial activity. Similar phenotypes are observed in homologous mutants in A. thaliana (Mahonen et al., 2006a,b). Procambium activity is slightly reduced in the orthologs receptor mutant arabidopsis histidine kinase 4 (ahk4), whereas it is completely abolished in the ahk2 ahk3 ahk4 triple mutant (Mahonen et al., 2006a,b). The comparable phenotypes in cambium activity upon mutating histidine kinases suggest that PanHK4 encodes a functional cytokinin receptor. M. truncatula and L. japonicus mutants in the cytokinin receptors orthologs to PanHK4 are characterized as nodulation deficient (Murray et al., 2007; Plet et al., 2011). However, these mutants occasionally form nodules (Plet et al., 2011; Held et al., 2014; Boivin et al., 2016). This suggests redundant functioning of additional cytokinin receptors in both legume species. The P. andersonii genome also encodes two additional cytokinin receptors: PanHK2 and PanHK3 (van Velzen et al., 2017) (Supplementary Figure 4). Therefore, redundant functioning of one of these receptors cannot be excluded. In legumes, cell divisions associated with nodule development are initiated in the root cortex in response to epidermal perception of rhizobial signals (Timmers et al., 1999; Xiao et al., 2014). Cytokinin appears important for activation of this cortical organogenesis program (Vernie et al., 2015; Gamas et al., 2017). In Parasponia, cell divisions associated with nodule development are first observed in the epidermis, the cell layer that is in direct contact with the rhizobium bacteria (Lancelle and Torrey, 1984; Geurts et al., 2016). This difference in mitotically-responding tissues could create different dependencies on cytokinin signaling between legumes and Parasponia. However, whether this explains the absence of a symbiotic phenotype of Panhk4 mutants requires further experimentation.

Panein2 mutants are ethylene insensitive, as indicated by the absence of leaf abscission following ethylene treatment. Additionally, we noticed a disturbed sex differentiation in Panein2 flowers. Functioning of ethylene in flower sex differentiation is known in cucurbit species, like cucumber (Cucumis sativus) and melon (Cucumis melo) (Rudich et al., 1972; Yin and Quinn, 1995; Tanurdzic and Banks, 2004). Molecular genetic studies revealed that flower bud-specific expression of ACC synthase (ACS) genes, which are essential for biosynthesis of the ethylene precursor ACC, inhibits stamen development (Boualem et al., 2008, 2015). In line with these findings in cucurbits, we hypothesize that EIN2-mediated ethylene signaling commits a similar function in sex differentiation in Parasponia species.

In symbiotic context, EIN2 knockout mutations result in different phenotypes between Parasponia and legumes. In legumes, ethylene negatively regulates rhizobial infection and root nodule formation (Penmetsa and Cook, 1997; Penmetsa et al., 2008; Miyata et al., 2013). This is illustrated by the phenotype of the M. truncatula ein2 mutant (named sickle) that forms extensive epidermal infection threads and clusters of small nodules (Penmetsa and Cook, 1997; Xiao et al., 2014). P. andersonii ein2 mutants also form smaller nodules than WT. However, in contrast to the Mtein2 mutant, these nodules are regularly spaced on the root system. This suggests that in Parasponia ethylene signaling is not involved in regulating nodule number. Additionally, also the infection phenotype of Panein2 mutants differs from that in legumes. In M. truncatula and L. japonicus, interference with ethylene signaling increases the number of epidermal infection threads but does not affect intracellular colonization of nodule cells (Penmetsa and Cook, 1997; Nukui et al., 2004; Lohar et al., 2009). In contrast, in P. andersonii Panein2 mutants, intracellular colonization is hampered. Inside nodules, large apoplastic colonies are observed and fixation thread formation is severely reduced or even absent. This suggests that in Parasponia a functional ethylene signaling pathway is required for efficient intracellular infection of nodule cells.

Mutagenesis of the NSP2 ortholog of P. andersonii indicated a conserved symbiotic role for this GRAS-type transcriptional regulator. In legumes, NSP2 works in concert with NSP1 to control root nodule formation (Hirsch et al., 2009). Mutagenesis of the NSP1 ortholog of P. andersonii resulted in contrasting nodulation phenotypes. Two mutant lines, Pannsp1–6 and Pannsp1–13, form nodules with a WT cytoarchitecture, whereas mutant line Pannsp1–39 is unable to form nodules (Figures 6, 7). However, all three mutants are affected in transcriptional regulation of strigolactone biosynthesis genes PanD27 and PanMAX1 (Figure 5). The three Pannsp1 mutant lines differ from each other in the type of mutations that were created. Pannsp1–6 and Pannsp1–13 contain small deletions that are immediately followed by a second in-frame ATG that in WT PanNSP1 encodes a methionine at position 16. In contrast, Pannsp1–39 contains a larger deletion that removes this in-frame ATG (see Supplementary Figure 9). Several reports have shown that alternative start codons are occasionally used to initiate transcription (Chabregas et al., 2003; Thatcher et al., 2007; Bazykin and Kochetov, 2011). Therefore, Pannsp1–6 and Pannsp1–13 most probably represent weak alleles that still possess residual PanNSP1 function. Such residual levels of PanNSP1 are affecting the expression of strigolactone biosynthesis genes, but are still sufficient to allow nodule formation. Therefore, we argue that the P. andersonii Pannsp1–39 line carries a knockout mutation, indicating that in P. andersonii both NSP1 and NSP2 are essential for rhizobium root nodule formation.

Taken together, we showed that P. andersonii can be efficiently transformed using A. tumefaciens and is amenable to targeted mutagenesis using CRISPR/Cas9. This protocol takes only marginally more time than the transient A. rhizogenes transformation system that is generally used to study root nodule formation (e.g., Boisson-Dernier et al., 2001; Kumagai and Kouchi, 2003; Limpens et al., 2004; Op den Camp et al., 2011; Cao et al., 2012) but has several advantages. One of these is the absence of the A. rhizogenes root inducing locus (rol) that interferes with hormone homeostasis (Nilsson and Olsson, 1997). The protocol we developed will allow studies on P. andersonii symbiosis genes to determine to what extent legumes and Parasponia use a similar mechanism to establish a nitrogen-fixing symbiosis with rhizobium.
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Legumes are able to form a symbiotic relationship with nitrogen-fixing soil bacteria called rhizobia. The result of this symbiosis is to form nodules on the plant root, within which the bacteria can convert atmospheric nitrogen into ammonia that can be used by the plant. Establishment of a successful symbiosis requires the two symbiotic partners to be compatible with each other throughout the process of symbiotic development. However, incompatibility frequently occurs, such that a bacterial strain is unable to nodulate a particular host plant or forms nodules that are incapable of fixing nitrogen. Genetic and molecular mechanisms that regulate symbiotic specificity are diverse, involving a wide range of host and bacterial genes/signals with various modes of action. In this review, we will provide an update on our current knowledge of how the recognition specificity has evolved in the context of symbiosis signaling and plant immunity.
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INTRODUCTION

The legume-rhizobial symbiosis starts with a signal exchange between the host plant and its microsymbiont (Oldroyd, 2013). Recognition of compatible bacteria by the host induces cortical cell divisions to form root nodule primordia, and simultaneously initiates an infection process to deliver the bacteria into the nodule cells. Infection of most legumes involves the development of plant-made infection threads that initiate in the root hair. The infection threads harboring dividing bacteria grow through the epidermal cell layer into the nodule cells, where the bacteria are released and internalized in an endocytosis-like process. In nodule cells, individual bacteria are enclosed by a membrane of plant origin, forming an organelle-like structure called the symbiosome, within which the bacteria further differentiate into nitrogen-fixing bacteroids (Jones et al., 2007; Oldroyd et al., 2011).

Symbiotic nodule development involves synchronous differentiation of both nodule and bacterial cells. Legume nodules can be grouped into two major types: indeterminate (e.g., pea, clovers, and Medicago) and determinate (e.g., soybeans, common bean, and Lotus) (Nap and Bisseling, 1990; Hirsch, 1992). Indeterminate nodules originate from cell divisions in the inner cortex and possess a persistent apical meristem. Consequently, indeterminate nodules are cylindrical in shape, with a developmental gradient from the apex to the base of the nodule, which can be divided into different nodule zones (Nap and Bisseling, 1990). In contrast, determinate nodules result from cell divisions in the middle/outer cortex of the root, lack a persistent meristem, and are spherical in shape. Cell divisions of a determinate nodule cease at early developmental stages and the mature nodule develops through cell enlargement; as such, the infected cells develop more or less synchronously to the nitrogen-fixing stage. In both nodule types, the symbiotic nodule cells undergo genome endoreduplication, leading to polyploidization and cell enlargement. Parallel to the nodule cell development is the differentiation of the nitrogen-fixing bacteroids. Depending on the host, but independent of the nodule type, such bacterial differentiation can be terminal or reversible. Terminal differentiation is featured by genome endoreduplication, cell elongation, increased membrane permeability, and loss of reproductive ability, while in reversible differentiation the bacteroids retain cell size and DNA content similar to free-living bacteria (Kereszt et al., 2011; Oldroyd et al., 2011; Haag et al., 2013). Compared to free-living bacteria, the bacteroids display dramatic changes in transcriptome, cell surface structure and metabolic activities so that they become better adapted to the intracellular environment and dedicated to nitrogen fixation (Mergaert et al., 2006; Prell and Poole, 2006; Haag et al., 2013).

Both legumes and rhizobial bacteria are phylogenetically diverse. No single rhizobial strains can form symbiosis with all legumes, and vice versa. Specificity occurs at both species and genotypic levels (Broughton et al., 2000; Perret et al., 2000; Wang et al., 2012). This can take place at early stages of the interaction so that the same bacterial strains can infect and nodulate one host plant but not another (Yang et al., 2010; Wang et al., 2012; Tang et al., 2016; Fan et al., 2017). Incompatibility also frequently happens at later stages of nodule development such that nitrogen-fixing efficiency differs significantly between different plant-bacteria combinations (Wang et al., 2012, 2017, 2018; Yang et al., 2017). Symbiotic specificity results from the changing of signals from both host and bacterial sides; as such, various recognition mechanisms have evolved during the process of co-adaptation. Knowledge of the genetic and molecular basis of symbiotic specificity is important for developing tools for genetic manipulation of the host or bacteria in order to enhance nitrogen fixation efficiency. In this review, we will discuss our current understanding of the evolution of specificity in the root nodule symbiosis.



SPECIFICITY MEDIATED BY FLAVONOIDS AND THE FLAVONOID-NodD RECOGNITION

Under nitrogen-limiting conditions, legume roots secrete a cocktail of flavonoid compounds into the rhizosphere, and they serve to activate the expression of a group of bacterial nodulation (nod) genes, leading to the synthesis of the Nod factor, a lipochitooligosaccharidic signal that is essential for initiating symbiotic development in most legumes (Oldroyd et al., 2011). Induction of nod gene expression is mediated by the flavonoid-activated NodD proteins, which are LysR-type transcription regulators (Long, 1996). NodDs activate nod gene expression through binding to the conserved DNA motifs (nod boxes) upstream of the nod operons (Rostas et al., 1986; Fisher et al., 1988).

NodD proteins from different rhizobia are adapted to recognizing different flavonoids secreted by different legumes, and this recognition specificity defines an early checkpoint of the symbiosis (Peck et al., 2006). Despite the absence of direct evidence for physical interaction between the two molecules, flavonoids have been shown to be able to stimulate the binding of NodD to nod gene promoters in Sinorhizobium meliloti (Peck et al., 2006). It is well documented that inter-strain exchange of nodD genes can alter the response of the recipient strain to a different set of flavonoid inducers and hence the host range (Horváth et al., 1987; Perret et al., 2000). For example, the transfer of nodD1 from the broad host range symbiont Rhizobium sp. NGR234 to the restricted host range strain Rhizobium leguminosarum biovar trifolii ANU843 enabled the recipient strain to nodulate the non-legume Parasponia, because the wide-host-range NodD1 protein is capable of recognizing a broader spectrum of flavonoid inducers (Bender et al., 1988).

The evidence for the importance of flavonoids in determining host range primarily comes from bacterial genetics, and the plant genes involved are less studied. Since legume roots secrete a complex mixture of flavonoid compounds, it is difficult to pinpoint which flavonoids play a more critical role, and when and where they are produced. Recent studies in soybeans and Medicago truncatula have highlighted key flavonoids required for rhizobial infection (reviewed in Liu and Murray, 2016). These so called “infection flavonoids” are strong inducers of nod genes, secreted by roots, highly accumulated at the infection sites, and show increased biosynthesis in response to infection by compatible rhizobia. Although luteolin was the first flavonoid identified that can induce nod gene expression across a wide range of rhizobial strains, it is not legume-specific, mainly produced in germinating seeds, and has not been detected in root exudates or nodules. In contrast, methoxychalcone has been shown to be one of the strong host infection signals from Medicago and closely related legumes that form indeterminate nodules, while genistein and daidzein are crucial signals from soybeans that form determinate nodules. Part of the flavonoid compounds may also function as phytoalexins, acting to reinforce symbiosis specificity (Liu and Murray, 2016). For example, Bradyrhizobium japonicum and Mesorhizobium loti, but not the Medicago symbiont S. meliloti, are susceptible to the isoflavonoid medicarpin produced by Medicago spp. (Pankhurst and Biggs, 1980; Breakspear et al., 2014), and the soybean symbionts B. japonicum and S. fredii are resistant to glyceollin when exposed to genistein and daidzein (Parniske et al., 1991).



SPECIFICITY MEDIATED BY NOD-FACTOR PERCEPTION

Nod factors produced by rhizobia are an essential signaling component for symbiosis development in most legumes. Nod factors are lipochito-oligosaccharides, consisting of four or five 1,4-linked N-acetyl-glucosamine residues that carry a fatty acyl chain of varying length attached to the C-2 position of the non-reducing end and various species-specific chemical decorations at both the reducing and non-reducing ends (Dénarié et al., 1996). The common nodABC genes contribute to the synthesis of the chitin backbone, while other strain-specific nod genes act to modify the backbone by changing the size and saturation of the acyl chain, or adding to the terminal sugar units with acetyl, methyl, carbamoyl, sulfuryl or glycosyl groups. Structural variations in Nod factors are a key determinant of host range, because these Nod factors have to be recognized by the host in order to initiate infection and nodulation (Perret et al., 2000; D’Haeze and Holsters, 2002).

Nod factors are perceived by Nod-factor receptors (e.g., NFR1 and NFR5 in Lotus japonicus), which are LysM-domain-containing receptor kinases (Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003). Direct binding of Nod factors to the extracellular LysM domains of the receptor complex leads to activation of the downstream nodulation signaling pathways (Broghammer et al., 2012). Specificity in Nod-factor binding is widely thought to be critical for recognition between the prospective symbiotic partners. This hypothesis has been strongly supported by genetic evidence even though such binding specificity has not been demonstrated. The best examples are from the pea-R. leguminosarum symbiosis where bacterial nod gene mutants that lead to changed Nod factor composition or structure exhibited genotype-specific nodulation (Firmin et al., 1993; Bloemberg et al., 1995). This alteration of host range corresponds to allelic variations at the Sym2/Sym37/PsK1 locus, an orthologous region of NFR1 that contains a cluster of LysM receptor kinases (Zhukov et al., 2008; Li et al., 2011). In this case, allelic variation coupled with gene duplication and diversification contribute to alterations in symbiotic compatibility.

Nod factor recognition presumably plays a more critical role in determining host range at species level, which has been best illustrated on the bacterial side. However, natural polymorphisms in Nod-factor receptors that are responsible for nodulation specificity between different legumes have not been well studied at the genetic level, simply because the plants cannot be interbred. Nevertheless, transferring NFR1 and NFR5 of L. japonicus into M. truncatula enables nodulation of the transformants by the L. japonicus symbiont Mesorhizobium loti (Radutoiu et al., 2007).



SPECIFICITY MEDIATED BY PERCEPTION OF RHIZOBIAL EXOPOLYSACCHARIDES

In addition to Nod factors, rhizobial surface polysaccharides such as exopolysaccharides (EPS), lipopolysaccharides (LPS), and capsular polysaccharides (KPS) are also thought to be important for establishing symbiotic relationships (Fraysse et al., 2003; Becker et al., 2005; Jones et al., 2007; Gibson et al., 2008). These surface components are proposed to be able to suppress plant defense, but their active roles in promoting bacterial infection and nodulation remain elusive and are dependent on the specific interactions studied.

Exopolysaccharides have been shown to be required for rhizobial infection in multiple symbiotic interactions. This has been best illustrated in the Sinorhizobium-Medicago symbiosis, in which succinoglycan, a major EPS produced by S. meliloti, is required for the initiation and elongation of infection threads, and increased succinoglycan production enhances nodulation capacity (Leigh et al., 1985; Reinhold et al., 1994; Cheng and Walker, 1998; Jones, 2012). However, the symbiotic role of EPS is very complicated in the Mesorhizobium-Lotus interaction (Kelly et al., 2013). For instance, a subset of EPS mutants of M. loti R7A displayed severe nodulation deficiencies on L. japonicus and L. corniculatus, whereas other mutants formed effective nodules (Kelly et al., 2013). In particular, R7A mutants deficient in production of an acidic octasaccharide EPS were able to normally nodulate L. japonicus, while exoU mutants producing a truncated pentasaccharide EPS failed to invade the host. It was proposed that full-length EPS serves as a signal to compatible hosts to modulate plant defense responses and allow bacterial infection, and R7A mutants that make no EPS could avoid or suppress the plant surveillance system and therefore retain the ability to form nodules. In contrast, strains that produce modified or truncated EPS trigger plant defense responses resulting in block of infection (Kelly et al., 2013).

EPS production is common in rhizobial bacteria, and the composition of EPS produced by different species varies widely (Skorupska et al., 2006). Several studies have suggested the involvement of the EPS structures in determining infective specificity (Hotter and Scott, 1991; Kannenberg et al., 1992; Parniske et al., 1994; Kelly et al., 2013). Recently, an EPS receptor (EPR3) has been identified in L. japonicus, which is a cell surface-localized protein containing three extracellular LysM domains and an intracellular kinase domain (Kawaharada et al., 2015). EPR3 binds rhizobial EPS in a structurally specific manner. Interestingly, Epr3 gene expression is contingent on Nod-factor signaling, suggesting that the bacterial entry to the host is controlled by two successive steps of receptor-mediated recognition of Nod factor and EPS signals (Kawaharada et al., 2015, 2017). The receptor-ligand interaction supports the notion that EPS recognition plays a role in regulation of symbiosis specificity. However, natural variation in host-range specificity that results from specific recognition between host receptors and strain-specific EPS has not been demonstrated in any legume-rhizobial interactions. It is noteworthy that acidic EPS of bacterial pathogens also promote infection to cause plant disease (Newman et al., 1994; Yu et al., 1999; Aslam et al., 2008; Beattie, 2011). Thus, rhizobial EPS might also be recognized by host immune receptors to induce defense responses that negatively regulate symbiosis development.



SPECIFICITY MEDIATED BY HOST INNATE IMMUNITY

Symbiotic and pathogenic bacteria often produce similar signaling molecules to facilitate their invasion of the host (Deakin and Broughton, 2009). These molecules include conserved microbe-associated molecular patterns (MAMPs) and secreted effectors (D’Haeze and Holsters, 2004; Fauvart and Michiels, 2008; Deakin and Broughton, 2009; Soto et al., 2009; Downie, 2010; Wang et al., 2012; Okazaki et al., 2013). The host has evolved recognition mechanisms to distinguish between, and respond differently to, pathogens and symbionts (Bozsoki et al., 2017; Zipfel and Oldroyd, 2017). However, this discrimination is not always successful; as a result, recognition specificity frequently occurs in both pathogenic and symbiotic interactions. In the legume-rhizobial interaction, effector- or MAMP-triggered plant immunity mediated by host receptors also plays an important role in regulating host range of rhizobia (Yang et al., 2010; Wang et al., 2012; Faruque et al., 2015; Kawaharada et al., 2015; Tang et al., 2016).

Several dominant genes have been cloned in soybeans (e.g., Rj2, Rfg1, and Rj4) that restrict nodulation by specific rhizobial strains (Yang et al., 2010; Tang et al., 2016; Fan et al., 2017). In these cases, restriction of nodulation is controlled in a similar manner as ‘gene-for-gene’ resistance against plant pathogens. Rj2 and Rfg1 are allelic genes that encode a typical TIR-NBS-LRR resistance protein conferring resistance to multiple B. japonicum and Sinorhizobium fredii strains (Yang et al., 2010; Fan et al., 2017). Rj4 encodes a thaumatin-like defense-related protein that restricts nodulation by specific strains of B. elkanii (Tang et al., 2016). The function of these genes is dependent on the bacterial type III secretion system and its secreted effectors (Krishnan et al., 2003; Okazaki et al., 2009; Yang et al., 2010; Tsukui et al., 2013; Tsurumaru et al., 2015; Tang et al., 2016; Yasuda et al., 2016). These studies indicate an important role of effector-triggered immunity in the regulation of nodulation specificity in soybeans. As discussed earlier, rhizobial Nod factors and surface polysaccharides could play a role in suppression of defense responses (Shaw and Long, 2003; D’Haeze and Holsters, 2004; Tellström et al., 2007; Jones et al., 2008; Liang et al., 2013; Cao et al., 2017), but these signaling events apparently are not strong enough to evade effector-trigged immunity in incompatible interactions.

Many rhizobial bacteria use the type III secretion system to deliver effectors into host cells to promote infection, and in certain situations, the delivered effector(s) are required for Nod-factor independent nodulation as demonstrated in the soybean-B. elkanii symbiosis (Deakin and Broughton, 2009; Okazaki et al., 2013, 2016). On the other hand, however, recognition of the effectors by host resistance genes triggers immune responses to restrict rhizobial infection. The nodulation resistance genes occur frequently in natural populations, raising a question why host evolve and maintain such seemingly unfavorable alleles. This could happen because of balancing selection, as the same alleles may also contribute to disease resistance against pathogens, considering that some rhizobial effectors are homologous to those secreted by bacterial pathogens (Dai et al., 2008; Kambara et al., 2009). Alternatively, legume may take advantage of R genes to exclude nodulation with less efficient nitrogen-fixing strains and selectively interact with strains with high nitrogen fixation efficiency, which is the case of the soybean Rj4 allele.

A single dominant locus, called NS1, was also identified in M. truncatula that restricts nodulation by S. meliloti strain Rm41 (Liu et al., 2014). Unlike R gene-controlled host specificity in soybeans, which depends on bacterial type III secretion system, Rm41 strain lacks genes encoding such a system. It will be interesting to know what host gene(s) control this specificity and what bacterial signals are involved.



SPECIFICITY IN NITROGEN FIXATION

Symbiotic specificity is not confined to the early recognition stages; incompatible host-strain combinations can lead to formation of nodules that are defective in nitrogen fixation (Fix-). For example, a screen of a core collection of Medicago accessions using multiple S. meliloti strains showed that ∼40% of the plant-strain combinations produced nodules but failed to fix nitrogen (Liu et al., 2014). The Fix- phenotype was not due to a lack of infection but caused by bacteroid degradation after differentiation (Yang et al., 2017; Wang et al., 2017, 2018).

Host genetic control of nitrogen fixation specificity is very complicated in the Medicago-Sinorhizobium symbiosis, involving multiple linked loci with complex epistatic and allelic interactions. By using the residual heterozygous lines identified from a recombination inbred line population, Zhu and colleagues were able to clone two of the underlying genes, namely NFS1 and NFS2, that regulate strain-specific nitrogen fixation concerning the S. meliloti strains Rm41 and A145 (Wang et al., 2017, 2018; Yang et al., 2017). NFS1 and NFS2 both encode nodule-specific cysteine-rich (NCR) peptides (Mergaert et al., 2003). The NFS1 and NFS2 peptides function to provoke bacterial cell death and early nodule senescence in an allele-specific and rhizobial strain-specific manner, and their function is dependent on host genetic background. NCRs were previously shown to be positive regulators of symbiotic development, essential for terminal bacterial differentiation and for maintenance of bacterial survival in the nodule cells (Van de Velde et al., 2010; Wang et al., 2010; Horváth et al., 2015; Kim et al., 2015). The discovery of NFS1 and NFS2 revealed a negative role that NCRs play in regulation of symbiotic persistence, and showed that NCRs are host determinants of symbiotic specificity in M. truncatula and possibly also in closely related legumes that subject their symbiotic bacteria to terminal differentiation.

The genomes of M. truncatula and closely related galegoid legumes contain a large number of NCR-encoding genes that are expressed exclusively in the infected nodule cells (Montiel et al., 2017). These NCR genes, similar to bacterial type III effectors or MAMPs, can play both positive and negative roles in symbiotic development and both roles are associated with the antimicrobial property of the peptides. On one hand, the host uses this antimicrobial strategy for promoting terminal bacteroid differentiation to enhance nitrogen fixation efficiency (Oono and Denison, 2010; Oono et al., 2010; Van de Velde et al., 2010; Wang et al., 2010). On the other hand, some rhizobial strains cannot survive the antibacterial activity of certain peptide isoforms. The vulnerability of particular bacterial strains in response to a peptide is contingent on the genetic constitution of the bacteria as well as the genetic background of the host. It was proposed that this host-strain adaptation drives the coevolution of both symbiotic partners, leading to the rapid amplification and diversification of the NCR genes in galegoid legumes (Wang et al., 2017; Yang et al., 2017).

Host-range specificity in the ability to fix nitrogen has also been documented in legumes (e.g., soybeans) where the bacteria undergo reversible differentiation. In soybeans, this type of incompatibility was associated with the induction of phytoalexin accumulation and hypersensitive reaction in the nodule cells (Parniske et al., 1990). No NCR genes exist in the soybean genome, implying the involvement of novel genetic mechanisms that control this specificity. Work is in progress in our lab to identify the host genes that are involved.



CONCLUSION AND FUTURE PERSPECTIVES

Specificity in the legume-rhizobial symbiosis results from a suite of signal exchanges between the two symbiotic partners (summarized in Figure 1). Recent studies have just begun to reveal the underlying molecular mechanisms that regulate this specificity, and there are many challenging questions waiting to be answered. Effector-triggered immunity has been shown to be an important factor in determining host range of rhizobia in soybeans but the cognate effectors have not been clearly defined. In addition, what are the genes that control nodulation specificity in the Medicago-Sinorhizobium interaction where the bacterial partner lacks the type III secretion system? Cloning and characterization of the NS1 locus in M. truncatula (Liu et al., 2014) will provide novel insights into this question. We now know that NCR peptides regulate nitrogen fixation specificity in Medicago and possibly in other closely related legumes, but we lack mechanistic understanding of how these peptides work. Do the pro- and anti-symbiotic peptides interact with the same bacterial targets? How do the amino-acid substitutions affect the peptide structure and function? How is nitrogen fixation specificity regulated in the NCR-lacking legumes such as soybeans where bacteria undergo reversible differentiation? These are just a handful of outstanding questions that need to be addressed. Answering these questions will certainly enrich our knowledge of how specificity is controlled and allow us to use such knowledge to develop tools for genetic improvement of symbiotic nitrogen fixation in legumes.
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FIGURE 1. Symbiosis signaling and plant immunity involved in recognition specificity in the legume-rhizobial interactions (indicated by the red stars). (A) The process of infection and nodule development. A mature indeterminate nodule contains a meristem zone (I), an infection zone (II), an interzone (IZ), a nitrogen fixing zone (III), and a senescent zone (IV). (B) The host secretes flavonoids to induce the expression of bacterial nodulation (nod) gene through the activation of NodD proteins. The enzymes encoded by the nod genes lead to the synthesis of Nod factors (NF) that are recognized by host Nod factor receptors (NFRs). Recognition specificity occurs both between Flavonoids and NodDs and between NF and NFRs. (C) In addition to NF signaling, bacteria also produce extracellular polysaccharides (EPS) and type III effectors to facilitate their infection in compatible interactions, but these molecules may also induce immune responses causing resistance to infection in incompatible interactions. (D) Certain legumes such as Medicago encode antimicrobial nodule-specific cysteine-rich (NCR) peptides to drive their bacterial partners to terminal differentiation that is required for nitrogen fixation. However, some rhizobial strains cannot survive the antibacterial activity of certain peptide isoforms, leading to formation of nodules defective in nitrogen fixation.
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Mutualistic and pathogenic plant-colonizing fungi use effector molecules to manipulate the host cell metabolism to allow plant tissue invasion. Some small secreted proteins (SSPs) have been identified as fungal effectors in both ectomycorrhizal and arbuscular mycorrhizal fungi, but it is currently unknown whether SSPs also play a role as effectors in other mycorrhizal associations. Ericoid mycorrhiza is a specific endomycorrhizal type that involves symbiotic fungi mostly belonging to the Leotiomycetes (Ascomycetes) and plants in the family Ericaceae. Genomic and RNASeq data from the ericoid mycorrhizal fungus Oidiodendron maius led to the identification of several symbiosis-upregulated genes encoding putative SSPs. OmSSP1, the most highly symbiosis up-regulated SSP, was found to share some features with fungal hydrophobins, even though it lacks the Pfam hydrophobin domain. Sequence alignment with other hydrophobins and hydrophobin-like fungal proteins placed OmSSP1 within Class I hydrophobins. However, the predicted features of OmSSP1 may suggest a distinct type of hydrophobin-like proteins. The presence of a predicted signal peptide and a yeast-based signal sequence trap assay demonstrate that OmSSP1 is secreted. OmSSP1 null-mutants showed a reduced capacity to form ericoid mycorrhiza with Vaccinium myrtillus roots, suggesting a role as effectors in the ericoid mycorrhizal interaction.

Keywords: ericoid mycorrhiza, Oidiodendron maius, small secreted proteins, hydrophobins, homologous recombination


INTRODUCTION

Fungi secrete a wide range of enzymatic and non-enzymatic proteins that function in the break-down of complex organic molecules but also in the interaction with microbial competitors or with animal and plant partners (Stergiopoulos and de Wit, 2009; Tian et al., 2009; Scherlach et al., 2013; Talbot et al., 2013). Fungi can establish different types of interactions with plants, ranging from mutualistic to antagonistic. Whatever their lifestyle, plant-colonizing fungi are recognized by the plant immune system through invariant molecular patterns known as microbe- or pathogen-associated molecular patterns (MAMPS or PAMPs) (Jones and Dangl, 2006). To successfully colonize plant tissues, fungi must prevent the PAMP-triggered immunity (PTI) reaction (Lo Presti et al., 2015). For this purpose, fungi secrete effector molecules that may play different functions depending on the fungal lifestyles. For example, they can be toxic compounds that kill the host plant (in necrotrophs), or secreted proteins that shield the fungus and suppress the host immune response, or proteins that manipulate the host cell metabolism to allow plant tissue invasion and nutrient uptake (de Jonge et al., 2011; Giraldo et al., 2013; Selin et al., 2016). Many small secreted proteins (SSPs) have been reported to function as effectors (Lo Presti et al., 2015).

Effectors were initially considered as virulence factors secreted exclusively by pathogens (van Esse et al., 2008; Stergiopoulos and de Wit, 2009). However, it has become apparent that effectors can manipulate the plant immune system also in mutualistic associations (Kim et al., 2016). Mutualistic fungi establish intimate contacts with plants by forming specialized fungal structures involved in nutrient exchange with the host (Martin et al., 2017). Effector-like SSPs have been functionally characterized as effector-like molecules both in arbuscular (AM) and ectomycorrhizal (ECM) fungi, as well as in some endophytic fungi (Plett and Martin, 2015). For example, the ECM fungus Laccaria bicolor requires MiSSP7 (Mycorrhiza-induced Small Secreted Protein 7) to establish symbiosis. MiSSP7 suppresses the plant defense reactions by interacting with the jasmonate co-receptor JAZ6 (Plett et al., 2011, 2014). Similarly, the AM fungus Rhizophagus irregularis secretes SP7, an effector protein that counteracts the plant immune program by interacting with the pathogenesis-related transcription factor ERF19, leading to increased mycorrhization (Kloppholz et al., 2011). Tsuzuki et al. (2016) also showed that host-induced gene silencing of SlS1, a putative secreted R. irregularis SSP expressed in symbiosis, resulted in suppression of colonization and formation of stunted arbuscules. In a similar manner, the candidate effector protein PIIN_08944, secreted by the fungal endophyte Piriformospora indica during colonization of both Arabidopsis and barley plants, was demonstrated to play a crucial role in reducing the expression of PTI genes and of the salicylic acid defense pathway (Akum et al., 2015).

Protein effectors are normally secreted following the endoplasmic reticulum-Golgi apparatus pathway, and bioinformatic identification of effector candidates can thus be based on the presence of the N-terminal signal peptide (Lo Presti et al., 2015), even though alternative secretion pathways have been reported for Magnaporthe oryzae and Phytopthora infestans (Giraldo et al., 2013; Wang et al., 2017). General SSPs features are: the presence of a signal peptide and the absence of transmembrane domains or GPI-anchor sites; a small size, with a mature length smaller than 300 amino acids; a richness in cysteine residues and, sometimes, the presence of conserved motifs (Martin et al., 2008; Stergiopoulos and de Wit, 2009; Hacquard et al., 2012; Zuccaro et al., 2014; Lo Presti et al., 2015).

Bioinformatic analyses of about 50 fungal genomes has highlighted that, when compared with saprotrophic and pathogenic fungi, the ECM fungal secretome is enriched in SSPs and contains species-specific SSPs likely dedicated to the molecular cross-talk between fungal and plant partners (Pellegrin et al., 2015). In line with this finding, a comparative in silico analysis of the AM fungi Rhizophagus clarus, R. irregularis and Gigaspora rosea highlighted the presence of shared SSPs (Sedzielewska Toro and Brachmann, 2016; Kamel et al., 2017), supporting a general conserved role of SSPs in AM. These data suggest that effector SSPs may represent an important fungal “toolkit” that enables the establishment/maintenance of host plant colonization in mycorrhiza (Plett and Martin, 2015; Martin et al., 2016). However, there is increasing awareness that SSPs in mycorrhizal fungi are likely involved in additional functions unrelated to symbiosis. For example, several SSPs are secreted by the ECM fungi L. bicolor and Hebeloma cylindrosporum during the free-living phase (Vincent et al., 2012; Doré et al., 2015). Moreover, large-scale transcriptomic and genomic analyses including fungi with different lifestyles revealed a wide array of SSPs in most saprotrophic fungi (Pellegrin et al., 2015; Valette et al., 2017), suggesting a possible role for SSPs in competition and rhizospheric communication (Rovenich et al., 2014).

Whereas effector SSPs have been characterized in AM and ECM fungi, there is currently no information on the occurrence of SSPs in ericoid mycorrhizal (ERM) fungi and on their potential role in symbiosis. ERM fungi are soil-borne fungi mostly belonging to Leotiomycetes (Ascomycetes). They form a peculiar endomycorrhizal type by colonizing the root epidermal cells of plants within the family Ericaceae and promote growth of their host plant in stressful habitats (Perotto et al., 2012). A common ERM fungal species is Oidiodendron maius (Dalpé, 1986) and O. maius strain Zn, an isolate from a metal polluted soil whose genome and transcriptome have been recently sequenced (Kohler et al., 2015), has become a model system to investigate metal stress tolerance in these fungi (Perotto et al., 2012; Daghino et al., 2016; Ruytinx et al., 2016). Genomic data have revealed a large set of carbohydrate-active enzymes (CAZymes) in O. maius, with many plant cell wall degrading enzymes being expressed during symbiosis (Kohler et al., 2015). As these enzymes could potentially elicit defense reactions through oligosaccharide release, symbiosis development likely requires a tight control of the plant defense reactions and, based on our current knowledge of arbuscular and ectomycorrhizal interactions, effectors to control plant immunity. Aim of this work was to identify, through the analysis of O. maius genomic and transcriptomic data, fungal SSPs potentially involved in the molecular dialog governing the ERM symbiosis.



MATERIALS AND METHODS


Fungal Strains and Growth Conditions

Oidiodendron maius strain Zn (hereafter O. maius) was isolated from the roots of V. myrtillus growing in the Niepolomice Forest (Poland), and first described by Martino et al. (2000). This O. maius strain is deposited at the Mycotheca Universitatis Taurinensis collection (MUT1381; University of Turin, Italy) and at the American Type Culture Collection (ATCC MYA-4765; Manassas, VA, US), and was maintained on Czapek-Dox solid medium (NaNO3 2 g L−1, KCl 0.5 g L−1, glycerol phosphate*H2O 0.5 g L−1, K2HPO4 0.35 g L−1, FeSO4 0.01 g L−1, sucrose 30 g L−1, agar 10 gL−1, adjusted to pH 6). O. maius and OmΔSSP1-null mutants were also grown in the presence of different stressor compounds. Czapek-Dox medium was supplemented with 0.3 mM Cd (as 3[image: image]8H2O), 15 mM Zn (as [image: image]7H2O), 117.6 mM H2O2, 0.75 mM menadione, 0.1% (w:v) caffeic acid, 0.5% (w:v) tannic acid, 0.5% (w:v) gallic acid and 0.5% (w:v) quercetin. Prior to fungal inoculation, sterile cellophane membranes were placed on the agar surface to provide a convenient means of removing the mycelium from the plate. The membranes were first boiled for 15 min in 10 mM EDTA (disodium salt, dihydrate, SIGMA), rinsed and then autoclaved in ddH2O. Fungal colonies were removed after 30 days, dried over-night and weighted.



In Vitro Mycorrhizal Synthesis

Axenic V. myrtillus seedlings were obtained from seeds (Les Semences du Puy, Le Puy-En-Velay, France) surface sterilized in 70% ethanol (v:v) 0.2% Tween 20 for 3 min, rinsed with sterile water, submerged in 0.25% sodium hypochlorite for 15 min and rinsed again with sterile water. Seeds were germinated on 1% water agar for 2 weeks in darkness before transfer to a growth chamber for 1 month.

Mycorrhiza was synthesized in petri plates containing Modified Melin-Norkrans (MMN) medium with the following composition: KH2PO4 0.5 gL−1, Bovine Serum Albumin (BSA) 0.1 gL−1, [image: image]2H2O 0.066 gL−1, NaCl 0.025 gL−1, [image: image]7H2O 0.15 gL−1, thiamine-HCl 0.1 gL−1, [image: image]6H2O 0.001 gL−1, agar 10 gL−1, final pH 4.7. Sterile cellophane membranes, prepared as described before, were placed on the agar surface before fungal inoculation. A suspension of O. maius conidia in sterile deionised water was distributed on the cellophane membranes in the bottom half of the MMN petri plates. Ten germinated V. myrtillus seedlings were then transferred just above the conidia suspension. Plates were sealed and placed in a growth chamber (16-h photoperiod, light at 170 μmol m−2 s−1, temperatures at 23°C day and 21°C night). Roots were collected and the percentage of mycorrhization evaluated after 45 day.

As a control for the asymbiotic condition, O. maius was grown on the same medium used for mycorrhizal synthesis. Plates covered by cellophane membranes were inoculated with 5 mm fungal plugs and fungal colonies were removed after 45 days. Three biological replicates were prepared for each sample for the RNA-Seq experiment.



RNA Extraction and RNA-Seq Data Analyses

Total RNA was extracted and quantified from 100 mg aliquots of O. maius mycelium and O. maius-inoculated V. myrtillus collected 45 days after inoculation, frozen in liquid nitrogen and mechanically ground. Total RNA was extracted from O. maius mycelium using a Tris-HCl extraction buffer and from V. myrtillus mycorrhizal roots using the CTAB method, as described by Kohler et al. (2015).

Preparation of libraries from total RNA and 2 × 100 bp Illumina HiSeq sequencing (RNA-Seq) was performed by IGA Technology Services (Udine, Italy). Raw reads were trimmed and aligned to the respective reference transcripts available at the JGI MycoCosm database (http://genome.jgi-psf.org/programs/fungi/index.jsf) using CLC Genomics Workbench v6. For mapping, the minimum length fraction was 0.9, the minimum similarity fraction 0.8 and the maximum number of hits for a read was set to 10. The unique and total mapped reads number for each transcript were determined, and then normalized to RPKM (Reads Per Kilobase of exon model per Million mapped reads). A summary of the aligned reads is given in Table S1. The complete data set has been deposited in NCBI Gene Expression Omnibus and is accessible through GEO Series accession numbers GSE63947. To identify differentially regulated transcripts in mycorrhizal tissues compared to free-living mycelium, the Baggerly's Test (Baggerly et al., 2003) implemented in CLC Genomic workbench was used. This test compares the proportions of counts in a group of samples against those of another group of samples. The samples are given different weights depending on their sizes (total counts). The weights are obtained by assuming a Beta distribution on the proportions in a group, and estimating these, along with the proportion of a binomial distribution, by the method of moments. The result is a weighted t-type test statistic. In addition, Benjamini & Hochberg multiple-hypothesis testing corrections with False Discovery Rate (FDR) were used. Transcripts with a more then 5-fold change and a FDR corrected p < 0.05 were kept for further analysis.

O. maius Small Secreted Proteins (SSPs) were identified using a custom pipeline including SignalP v4 (1), WolfPSort (2), TMHMM, TargetP (3), and PS-Scan algorithms (4) as reported in Pellegrin et al. (2015). To assess whether symbiosis-regulated transcripts were conserved or lineage-specific (i.e., orphan genes with no similarity to known sequences in DNA databases), their protein sequences were queried against the protein repertoires of 59 fungal genomes using BLASTP with e-value 1e-5. Proteins were considered as orthologs of symbiosis-regulated transcripts pending they showed 70% coverage over the regulated sequence and at least 30% amino acid identity.



cDNA Synthesis and Quantitative RT-PCR (RT-qPCR)

The expression of seven selected SSPs was evaluated by RT-qPCR. cDNA was obtained from about 1,000 ng of total RNA with a reaction mix containing 10 μM random primers, 0.5 mM dNTPs, 4 μl 5 × buffer, 2 μl 0.1 M DTT, and 1 μl Superscript II Reverse Transcriptase (Invitrogen) in a final volume of 20 μl. Temperature regime was: 65°C for 5 min, 25°C for 10 min, 42°C for 50 min, and 70°C for 15 min. Possible DNA contamination was tested with an additional PCR reaction using a specific primer pair that amplifies an intron containing region of the O. maius Elongation Factor1α (OmEF1α) (Table S2). RT-qPCR was performed with the Rotor-Gene Q (Qiagen) apparatus. The reactions were carried out in a final volume of 15 μl with 7.5 μl of iQ SYBR Green Supermix (Bio-rad), 5.5 μl of forward and reverse primers (10 μM stock concentration; Table S2) and 2 μl of cDNA (diluited 1:10). qPCR cycling program consisted of a 10 min/95°C holding step followed by 40 cycles of two steps (15 s/95°C and 1 min/60°C). The relative expression of the target transcript was measured using the 2−ΔCt method (Livak and Schmittgen, 2001). The Omβ-Tubulin (OmβTub) (Table S2) was used as reference house-keeping gene. Three to five biological replicates and two technical replicates were analyzed for each condition tested. qPCR primers were designed with Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and checked for specificity and secondary structure formation with PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and OligoAnalyzer (eu.idtdna.com/calc/analyzer). Primers were synthesized by Eurogentec (Belgium).



Construction of the OmSSP1-Disruption Vector and Agrobacterium-Mediated Transformation

OmSSP1-null mutants were obtained through Agrobacterium tumefaciens-mediated (ATM) homologous recombination. PCR reactions were used to produce the 5′ upstream flanking region (1502 bp) and the 3′ downstream flanking region (1,533 bp) of the OmSSP1 gene. PCR reactions were carried out in a final volume of 50 μl containing: 50 ng of genomic DNA of O. maius Zn, 1 μl dNTPs 10 mM, 2.5 μl of each primer (10 μM stock concentration; Table S2), 10 μl of 5 × Phusion HF Buffer and 0.5 units of Phusion Hot Start II High-Fidelity (Thermo Scientific). The PCR program was as follows: 30 s at 98°C for 1 cycle, 10 s at 98°C, 30 s at 60°C, 45 s at 72°C for 30 cycles, 10 min at 72°C for 1 cycle. Amplicons were then purified with Wizard® SV gel and PCR clean-up system (PROMEGA) following the manufacturer's instructions. PCRs amplicons were cut with XmaI-HindIII (for the 5′) and BglII-HpaI (for the 3′) and cloned into the pCAMBIA0380_HYG vector (Fiorilli et al., 2016) in order to obtain the pCAMBIA0380_HYG-ΔOmSSP1 vector (Figure S1). The restriction reactions were performed in 30 μl final volume containing 0.5 μg of DNA (1 μg for the plasmid), 0.5 μl of each enzyme (from PROMEGA), 0.3 μl of BSA 100X and 3 μl of buffer 10X, overnight at 37°C. The ligase reaction was carried out in 20 μl final volume containing 50 ng of vector, 18 ng of the amplicon, 2 μl of buffer 10X and 1 μl of T4 enzyme (PROMEGA), overnight at 4°C. The vector sequence was checked by PCR and DNA sequencing.

The vector was cloned into Agrobacterium tumefaciens LBA1100, that was used to transform ungerminated O. maius conidia according to the protocol described in Abbà et al. (2009).



Identification of OmSSP1-Null Mutants by PCR and Southern Blot

Fungal transformants were screened by PCR. A small portion of each fungal colony was collected and boiled for 15 min in 20 μl of 10 mM Tris HCl pH 8.2, vortexed for 1 min and centrifuged 15 min at room temperature. Then, 2 μl of the supernatant were used directly for PCR amplification without any further purification, using two sets of primers (Table S2). The first primer set was designed to amplify the OmSSP1 gene (OmSSPb1r and OmSSPb1f) whereas the second set (Hyg4f e Hyg2r) was designed to amplify the portion of the hph gene corresponding to the Hyg-probe (Figure S1). A OmSSP1-null mutant would yield an amplified product only with the second primer set. The putative OmSSP1-null mutants identified were validated by PCR using primers (Table S2) designed on the genome at the 5′ and 3′ of the homologous recombination site (respectively preOmSSPb1f3/Hyg6r and postOmSSPb1r3/Hyg3f). The positive OmSSP1-null mutants were further analyzed through Southern blot hybridization to verify single-copy integration of the disruption cassette in the genome. Fifteen micrograms of genomic DNA from the deletion mutants and from the wild-type were digested with BamHI (PROMEGA) and size-fractionated on 1% (w:v) agarose TAE 1X gel. The separated restriction fragments were blotted onto a nylon membrane following standard procedures (see Abbà et al., 2009). Hybridization with a probe designed on the Hygromycin-resistance cassette (Hyg-probe, Figure S1) was performed with a chemiluminescent detection system (ECL direct DNA labeling and detection system; GE Healthcare, U.K.) according to the manufacturer's recommendations.



Quantification of the Degree of Mycorrhization

To determine differences in root colonization between O. maius wild-type and OmSSP1-null mutants, the percentage of mycorrhization was recorded after 1.5 months. The roots of 3–6 seedlings colonized by each mutant strain were collected and the whole root system was stained overnight in a solution of lactic acid:glycerol:H2O (14:1:1) containing acid fuchsin 0.01% (w:v), destained twice with 80% lactic acid and observed using a Nikon Eclipse E400 optical microscope. The magnified intersections method (Villarreal-Ruiz et al., 2004) was adapted to quantify the percentage of fungal colonization of V. myrtillus hair roots, under the microscope, using the rectangle around the cross-hair as intersection area at 40 × magnification. A total of 60 intersections per seedling root system were scored. Counts were recorded as percentage of root cells colonized (RC) by the fungus using the formula: RC% = 100 × Σ of coils counted for all the intersections/Σ of epidermal cells counted for all the intersections.



Phylogenetic and Bioinformatic Analyses

The aminoacid sequences comprised between cysteine 1 and cysteine 8 of the fungal proteins listed in Table S3 were aligned using MUSCLE (MUltiple Sequence Comparison by Log-Expectation; Gap Open penalty−2, Edgar, 2004) tool implemented in MEGA7 (Tamura et al., 2007). Maximum likelihood analysis (Guindon and Gascuel, 2003) was conducted using www.phylogeny.fr in advanced mode (Dereeper et al., 2008). The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program (v3.1/3.0 aLRT).

Bioinformatic analyses of protein primary sequences were performed using online tools. Blastp searches on the Uniprot database (The UniProt Consortium, 2017) identified the closest protein matches. Hydropathy profiles were generated with ProtScale tools (http://web.expasy.org/protscale/), while the grand average of hydropathicity (GRAVY), the predicted amino acid number and molecular weight were calculated using the ProtParam tool (http://web.expasy.org/protparam/). The intrinsic solubility profiles were obtained with the camsolintrinsic calculator (http://www-mvsoftware.ch.cam.ac.uk/index.php/camsolintrinsic). The representation of the residues hydrophobicity of the aligned sequences of each clade was obtained using http://www.ibi.vu.nl (Simossis and Heringa, 2005).



The Yeast Signal Sequence Trap Assay

Functional validation of the predicted signal peptide of OmSSP1 was conducted with a yeast signal sequence trap assay (Plett et al., 2011). The pSUC2-GW gateway vector carries a truncated invertase (SUC2) lacking both its initiation methionine and signal peptide. cDNA encoding the predicted OmSSP1 signal peptide was cloned into pSUC2-GW plasmids using BP/LR Gateway technologies (Invitrogen). Then, yeast cells (YTK12 strain) were transformed with 200 ng of the pSUC2-GW/OmSSP1 plasmid using the lithium acetate method (Gietz and Schiestl, 2007). Transformants were grown on SD-W yeast minimal medium (6.7 gL−1 Yeast Nitrogen Base without amino acids, 0.7 gL−1 tryptophan dropout supplement, 20 gL−1 glucose, 20 gL−1 agar, pH 5.6) and on YPGA medium (10 gL−1 yeast extract, 20 gL−1 peptone, 20 gL−1 agar amended with 20 gL−1 glucose and 60 μg mL−1 antimycin A after autoclaving, pH 6.5). To assay for invertase secretion, colonies were grown overnight at 30°C with shaking (200 rpm) and diluted to an OD600 = 1, then 5 μl of serial dilution of the yeast culture were plated onto YPSA medium containing sucrose (10 gL−1 yeast extract, 20 gL−1 peptone, 20 gL−1 agar amended with 2 gL−1 sucrose and 60 μg mL−1 antimycin A after autoclaving, pH 6.5).



Statistical Analyses

The significance of differences among the different treatments was statistically evaluated by ANOVA with Tukey's pairwise comparison as post-hoc test for multiple comparisons for normally distributed data. Statistical elaborations of growth and biomass data were performed using PAST statistical package, version 2.17 (Hammer et al., 2001). The differences were considered significant at a probability level of p < 0.05.




RESULTS


The O. maius Genome Contains Several SSPs Up-Regulated during Mycorrhizal Symbiosis with V. myrtillus

Among the 16,703 genes found in the O. maius genome (Kohler et al., 2015), 445 genes (~38% of the total O. maius predicted secretome) code for putatively secreted proteins smaller than 300 amino acids (Table S4a). The transcriptomic analysis of O. maius under free-living conditions (FLM) and in symbiosis with V. myrtillus (MYC) indicated that about 24% (278/1163) of the genes coding for putatively secreted proteins were induced in symbiosis (Fold Change > 5, p<0.05), 90 of them corresponding to SSPs. Many of these mycorrhiza-induced SSPs (MiSSP) were strongly up-regulated in symbiosis (13 with FC ≥ 400) or mycorrhiza-specific (Table S4b). Only 32 were cysteine enriched (C > 3%), a feature normally attributed to SSPs (Kim et al., 2016). About half (49/90) contained PFAM motifs specific of CAZymes (especially glycoside hydrolases, GHs), lipases, hydrophobins and peptidases, whereas the remaining 41 contained no known PFAM domain. None of these MiSSPs contained a nuclear localization signal motif but 6 of them featured a KR rich sequence, i.e., a motif characterized by basic aminoacids (like lysine and arginine) supporting entry in the plant nucleus (Table S4b).

Genes orthologous to the O. maius MiSSPs were identified by genomic comparative analyses with 59 taxonomically and ecologically distinct fungi (Table S4d), including three other ERM fungi in the Leotiomycetes (Meliniomyces bicolor, M. variabilis and Rhizoscyphus ericae) belonging to the “R. ericae” aggregate (Vrålstad et al., 2002). Ten of the 90 O. maius symbiosis-induced SSPs were specific for O. maius, whereas 2 to 834 orthologous genes were found for the other 80 SSPs (Table S4b). Many O. maius SSPs orthologs were found in the other three ERM fungal species, although no ERM specific SSPs could be identified. The highest number of O. maius SSPs orthologs was found in the genomes of pathogenic and saprotrophic fungi (64 and 73 respectively), whereas only 38 orthologous genes were found in the genomes of 12 ECM fungi (Table S4b).

We selected seven O. maius SSPs for further analyses, with a preference for those uniquely or highly expressed in symbiosis that did not contain PFAM motifs with known functions (Table 1). Three different software (PrediSi, SIgnalP 4.1, Phobius) confirmed the presence of a signal peptide (Table 1), but alignment of the primary sequences indicated very low similarities. Cysteine enrichment > 3% was only observed for OmSSP1 (8.6%), the most highly symbiosis-induced SSP (Table 1). The expression of these OmSSPs was investigated in free-living and in mycorrhizal O. maius by RT-qPCR, which confirmed a significant up-regulation of all selected SSP genes in symbiosis, and in particular a very strong induction of OmSSP1 (Figure 1).



Table 1. Expression level, biochemical and bioinformatic features of seven selected O. maius mycorrhiza-induced SSPs.
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FIGURE 1. RT-qPCR validation of selected O. maius SSPs expression level in mycorrhizal tissues of V. myrtillus (MYC) as compared to the free living mycelium (FLM). Relative expression (mean of ΔCt values) of 7 O. maius SSPs was normalized to OmTub transcripts. Bars represent the mean ±SD. Asterisks (*) indicates a statistically significant difference (p < 0.05) (ANOVA, Tukey's post hoc test).





OmSSP1 Shows Molecular Similarities With Fungal Proteins Annotated as Hydrophobins

OmSSP1 is a single copy gene located in the scaffold 14 of the O. maius genome. The coding region contains 354 nucleotides, with 2 exons and 1 intron. In addition to the signal peptide, OmSSP1 is rich in glycine (16.1%) and leucine (12.9%) and contains 8 cysteine residues (Figure 2). The intrinsic calculated solubility and solvent accessibility highlighted at least three poorly water soluble regions. The majority of hydrophobic residues in OmSSP1 are clustered between amino acid residues 41–56 and 79–93 (Figure 2). OmSSP1 secondary structure predictions indicated a disordered folded state for 46% of the protein, partly due to the presence of a low complexity region (LCR) before the first cysteine (Figure 2), whereas 16 and 20% of the protein structure could form helix and beta-sheet structures, respectively (not shown).
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FIGURE 2. OmSSP1 structural and biochemical features predicted through bioinformatics tools. (A) Schematic representation of OmSSP1 primary amino acid sequence. The green bar represents the signal peptide (SP), the blue bar the low complexity region (LCR) and the red bars the cysteine (C) residues. (B) Calculation of the intrinsic solubility profile (ISP) and (C) hydrophaty profile (HP). For the ISP, scores larger than 1 indicate highly soluble regions, while scores smaller than −1 indicate poorly soluble regions. For the HP, hydrophobic regions show positive peaks with values above 0 whereas hydrophilic regions show negative peaks. The position of the C3–C4 loop, characterized by a conserved hydrophobic core, is indicated. The sequences of A–C have been graphically aligned in order to show the correspondence between the elements of the primary sequence (A), their solubility (B) and hydrophobicity profile (C).



Although no known domains could be found in the predicted OmSSP1 protein sequence by PFAM database searching, nor a functional classification in the InterPro database, BlastP searches both in the UniProt and in the RefSeq databases yielded, as closest protein matches, fungal hydrophobins or hydrophobin-like proteins (Table 2). Indeed, the two OmSSP1 orthologous genes in T. terrestris (protein ID 2089872 and 209296) showed high homology with fungal hydrophobins. The hydropathy profile of OmSSP1 was analyzed and a positive GRAVY value was found (0.53), indicating overall hydrophobicity (Table 1). Therefore, we compared the protein sequence of OmSSP1 with those of the four O. maius annotated hydrophobins and of other fungal hydrophobins (Linder et al., 2005; Seidl-Seiboth et al., 2011; Grigoriev et al., 2014). Three out of the four O. maius hydrophobins showed a GRAVY score above 0.6, indicating an overall hydrophobicity higher than OmSSP1 (0.53), whereas the GRAVY score for O. maius hydrophobin 4 was only 0.32 (Table S5).



Table 2. Results of BlastP searches on the Uniprot database using the OmSSP1 sequence as query.
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Two classes of fungal hydrophobins have been distinguished by Wessels (1994) on the basis of the hydropathy profile and of slightly different motifs between the eight positionally conserved cysteine residues: Class I (C-X5−8-CC-X17−39-C-X8−23-C-X5−6-CC-X6−18-C-X2−13), and Class II (C-X9−10-CC-X11-C-X16-C-X8−9-CC-X10-C-X6−7). OmSSP1 bears a signature motif similar to class I hydrophobins (C-X7-CC-X7-C-X8-C-X5-CC-X16-C-X2), with the exception of a shorter sequence (only 7 aminoacids) between cysteines 3 and 4, expected to host the most hydrophobic protein region. Although shorter, the C3-C4 loop of OmSSP1 showed a hydrophobic core composed by valine (V) and leucine (L), thus explaining the negative values in solubility profile and positive values in hydropathy profile (Figure 2). Hydrophobins are amphiphilic molecules (Whiteford and Spanu, 2002; Rineau et al., 2017), and OmSSP1 has a very hydrophilic stretch rich in G before the C3-C4 loop, corresponding to the LCR (Figure 2).

To better understand the phylogenetic relatedness of OmSSP1 with fungal hydrophobins, we aligned the OmSSP1 protein sequence with the four annotated O. maius hydrophobins and with Class I and Class II annotated hydrophobins from Ascomycetes (listed in Table S3). A phylogenetic tree built on the complete C1-C8 sequence alignment is shown in Figure 3. However, since the different proteins showed a highly variable sequence length of the C3-C4 loop, ranging from 4 to 39 amino acids, a more conserved phylogenetic tree was generated by Maximum Likelihood (ML) without this protein region, to avoid possible bias due to the different protein lengths (Figure S2). In both trees, class II hydrophobins and two of the four O. maius hydrophobins (Oidma2 and Oidma3) grouped in a single, well supported cluster. The two other O. maius hydrophobins grouped in a well-supported cluster together with characterized Class I hydrophobins (Figure 3 and Figure S2). Although the position of some fungal proteins differed in the two ML trees, most terminal clades (A–D) were maintained and well supported. OmSSP1 clustered in Clade C (Figure 3 and Figure S2) together with other proteins reported as hydrophobins (Table S3) and featuring a short C3-C4 loop (X4−9). The complete C1-C8 sequence alignment of proteins in Clade C is shown in Figure 4. As in OmSSP1, most amino acids in the short C3-C4 loop of other proteins in this clade were hydrophobic. Clade B (Figure 3 and Figure S2) was another well-supported clade containing proteins also featuring a very short (X8−9) C3-C4 loop (Figure 4). Clade B included a Trichoderma atroviride hydrophobin (Triat1) described by Seidl-Seiboth et al. (2011) as a member of a novel subclass in Class I hydrophobins. However, unlike Clade C, proteins in Clade B featured mainly hydrophilic amino acids in the C3-C4 loop (Figure 4). Clade A included the two O. maius hydrophobins Oidma1 and Oidma4.


[image: image]

FIGURE 3. Phylogenetic tree of OmSSP1 and O. maius hydrophobins with other annotated hydrophobins from Ascomycetes. The analysis included protein sequences annotated or described as Ascomycetes class I and class II hydrophobins (listed in Table S3). This sequence alignment considered the complete amino acid sequence comprised between C1 and C8. Muscle algorithm implemented in MEGA7 (Tamura et al., 2007) was used to generate the multiple protein sequence alignment. The phylogenetic tree was reconstructed on the Phylogeny.fr platform (Dereeper et al., 2008) using the maximum likelihood method (Guindon and Gascuel, 2003) implemented in the PhyML program (v3.1/3.0 aLRT). The WAG substitution model was selected assuming an estimated proportion of invariant sites (of 0.088) and 4 gamma-distributed rate categories to account for rate heterogeneity across sites. The gamma shape parameter was estimated directly from the data (gamma = 7.097). Reliability for internal branch was assessed using the aLRT test (SH-Like). Graphical representation and edition of the phylogenetic tree were performed with TreeDyn (v198.3; Chevenet et al., 2006) A–D, terminal clades.
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FIGURE 4. Aminoacid hydrophobicity properties of the aligned Class I hydrophobins. The OmSSP1 and hydrophobin protein sequences belonging to the four clades (A–D) in Figure 3 were aligned with the Praline tool of the IBIVU server (http://www.ibi.vu.nl/programs/pralinewww/; Simossis et al., 2005). The hydrophobicity scale used is from Eisenberg et al. (1984). The C3-C4 loop is indicated above each clade alignment by a string of asterisks.





The Yeast Invertase Secretion Assay Indicates That OmSSP1 Is Secreted

The predicted OmSSP1 signal peptide was functionally validated in a yeast signal sequence trap assay. This test is based on the yeast requirement for a secreted invertase (SUC) to grow on sucrose amended media (Klein et al., 1996). The pSUC-GW (Jacobs et al., 1997) gateway vector carries a truncated invertase that lacks its signal peptide (SUC2). The cDNA coding for the putative OmSSP1 signal peptide (OmSSP1_SP) was fused in frame to the yeast SUC2 invertase, and the recombinant pSUC-GW vector was transformed into the invertase-deficient yeast strain YTK12. As positive control, the MiSSP7 (Plett et al., 2011) signal peptide (MiSSP7_SP) and the yeast wild-type signal peptide (SUC2_SP+) were used, whereas the empty vector was used as negative (mock) control. All transformants grew on SD-W and YPGA control media containing glucose, whereas only OmSSP1_SP and the two positive controls rescued YTK12 yeast's growth on YPSA media containing sucrose, indicating that OmSSP1 contains a secretion signal that is functional in yeast (Figure 5).
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FIGURE 5. OmSSP1 contains a signal sequence that is functional in yeast. (A) Upon sucrose selection (YPSA medium) the OmSSP1 signal peptide (OmSSP1_SP) rescues the functionality of the yeast invertase, like the other two positive controls (The MiSSP7 signal peptide - MiSSP7_SP - and the wild-type sequence of the yeast signal peptide - SUC2_SP +). The empty vector (mock) was used as a negative control. Control media (B) SD-W and (C) YPGA, both containing glucose, restore the growth ability of all yeast transformants. Five microliter of undiluted (ud) or serially diluted (10−1 and 10−2) yeast culture were plated.





Growth of OmΔSSP1 Mutants Is Not Impaired Under Stressful Conditions, but They Have a Reduced Capability to Colonize V. myrtillus Roots

O. maius can be genetically transformed and gene disruption can be obtained by homologous recombination (Martino et al., 2007; Abbà et al., 2009). To investigate the biological function of OmSSP1 in O. maius, knock-out mutants (OmΔSSP1) were obtained through AMT transformation using a vector containing the hpd-cassette (Figure S1). Hygromycin-resistant colonies were screened by PCR, and eight putative homologous recombinants out of 742 screened fungal transformants could be identified. Southern blot hybridization with a probe to the Hygromycin cassette showed a single band of the expected size for four out of the eight candidate mutants (Figure S3). To further confirm the vector insertion site, PCR amplifications were performed with primers designed to amplify the genome regions flanking the inserted pCAMBIA0380ΔOmSSP1 disruption cassette (Figure S1, Table S2), followed by sequencing of the amplicons. Three O. maius transformants (OmΔSSP1150, OmΔSSP1377, OmΔSSP1412) were confirmed as OmSSP1 deletion mutants. These three OmSSP1-null mutants were not affected in mycelium morphology or growth rate when inoculated on Czapek-Dox solid medium (not shown). OmSSP1 deletion did not modify the wettability phenotype of the O. maius mycelium (Figure S4), but it should be noted that OmSSP1 gene expression was very low in the FLM (Table S4b).

It has been recently suggested that, in FLM, SSPs may increase fungal tolerance to toxic compounds (such as aromatic compounds or reactive oxygen species) released during substrate degradation (Valette et al., 2017). We therefore investigated whether deletion of the OmSSP1 gene reduced O. maius fitness when exposed to different stress inducers. As shown in Figure S5, growth of the three OmΔSSP1 mutants was not significantly affected by any of the stress conditions tested, namely two toxic heavy metals (Cd and Zn), molecules causing oxidative stress (H2O2 and menadione) and plant-derived organic compounds displaying toxic/antimicrobical effects (caffeine, tannic acid, gallic acid, quercetin and caffeic acid).

We then investigated the symbiotic ability of the three OmΔSSP1 mutants on seedlings of the host plant V. myrtillus as compared with the wild-type O. maius strain (Figure 6). Although there were no statistically significant differences in plant biomass after 45 days of co-culture, a statistically significant (p < 0.05) reduction in the percentage of root colonization was measured for all OmΔSSP1 mutants, when compared with the wild-type O. maius strain (Figure 6).
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FIGURE 6. OmΔSSP1 mutants have a reduced capability to colonize V. myrtillus roots. V. myrtillus roots were observed after 1.5 months of co-culture with O. maius WT and with three OmSSP1 null-mutant strains. (A) The percentage of the root colonization was significantly lower for the OmSSP1 null-mutants as compared to the O. maius WT. (B) Quantification of fresh plant biomass (roots - gray bars - and aboveground portions - white bars) of V. myrtillus plants grown alone, in the presence of the O. maius WT strain or of the OmSSP1 null-mutants. Bars represent the mean ± SD, n = 5. Each biological replicate represents the total biomass of eight V. myrtillus seedlings grown in an individual plate. Different letters indicate statistically significant difference (p < 0.05, ANOVA, Tukey's post hoc test).






DISCUSSION


Similar to Other Mycorrhizal Fungi, the ERM Fungus O. maius Has a Wide Array of SSPs

Effector-like SSPs have been found to be secreted by ECM and AM fungi and to be instrumental for plant colonization (Plett and Martin, 2015; Martin et al., 2016). SSPs are also encoded in the genome of the model ERM fungus O. maius. Overall, the O. maius genome contains 445 SSPs, corresponding to 2.6% of the total number of O. maius genes. Similar percentages were reported for the ECM fungus L. bicolor (Pellegrin et al., 2015) and for saprotrophic fungi (Valette et al., 2017). The 90 mycorrhiza-induced SSPs (MiSSPs) correspond to about 20% of the total O. maius SSPs, a percentage similar to the ECM fungus L. bicolor (Kohler et al., 2015) and the AM fungus R. irregularis (Tisserant et al., 2013).

Bioinformatic analysis of O. maius MiSSPs revealed that 45.5% (41/90) correspond to orphans genes with no known PFAM domains. Many fungal effector SSPs are targeted to the host plant nucleus (Lo Presti et al., 2015). Although none of the O. maius MiSSPs contained a nuclear localization signal motif, six O. maius MiSSPs featured a KR reach sequence supporting a localization in the plant nucleus.

Comparative genomics revealed that 27% of the total O. maius SSPs are species-specific (Table S4a). Species-specific SSPs (SSSPs), defined as SSPs with no homology in other species, have been found in both AM (Salvioli et al., 2016; Sedzielewska Toro and Brachmann, 2016; Tang et al., 2016) and ECM fungi (Pellegrin et al., 2015) and they are considered to be likely involved in the promotion of host-specific interactions (Pellegrin et al., 2015). The number of SSSPs found in O. maius falls in the proportion predicted by Kim et al. (2016) for symbiotic organisms (25-50%), although only 10 out of the 90 O. maius SSPs up-regulated in symbiosis were species-specific (Table S4b).

Whereas lifestyle-specific SSPs have been found in ECM fungi (Pellegrin et al., 2015), no SSPs shared by all four ERM fungi (with no orthologs in the other fungi used for comparative analysis) could be found. ERM and ECM fungi also differed because comparative analyses showed that ECM fungi share most of their SSPs with saprotrophs such as brown rot, white rot, and litter decayers (Pellegrin et al., 2015), whereas the highest number of O. maius symbiosis-induced SSPs orthologous belong to pathogenic and saprotrophic fungi.

SSPs have been recently found in most fungal species regardless of their lifestyle, suggesting that they could be involved in a variety of processes, both common and lifestyle-specific (Pellegrin et al., 2015). Interestingly, three orthologous genes of OmSSP1, the most highly up-regulated (ca. 20,000-folds) O. maius MiSSP, were found not in other ERM fungi but in the two saprotrophic fungi Neurospora crassa and Thelavia terrestris. Switching among endophytic, pathogenic, and saprotrophic lifestyles, likely controlled by both environmental and host factors, were suggested for N. crassa (Kuo et al., 2014). T. terrestris, a thermophilic saprotrophic fungus phylogenetically related to N. crassa, shows important cellulases and hemicellulases activities (Berka et al., 2015). Thus, N. crassa and T. terrestris share important characteristics with O. maius, which besides being an endomycorrhizal fungus, is also commonly isolated from roots of other plants as well as from substrates rich in plant-derived organic matter (Rice and Currah, 2006). Moreover, the O. maius gene content for cell wall degrading enzymes, proteases and lipases places this fungus closer to saprotrophs and pathogens than to other mycorrhizal fungi (Martino et al., 2018), and may explain the fact that OmSSP1 orthologs are also found in SAP S/L/O (soil/litter/organic matter saprotrophs) fungi.



OmSSP1, the Most Highly Expressed O. maius MiSSP, May be a Distinctive Type of Hydrophobin

Hydrophobins are small secreted proteins less than 200 amino acids long, with a secretion signal and a pattern of eight cysteine residues recurring in the sequence (Whiteford and Spanu, 2002). A unique three-dimensional folding comes from these features, keeping exposed the hydrophobic residues and rendering them amphiphilic (Rineau et al., 2017). Two classes of hydrophobins have been recognized (Wessels, 1994): Class I, with higher sequence variability and more stable superstructures, is found in both Asco- and Basidiomycetes, while Class II has only been found in Ascomycetes (Kershaw and Talbot, 1998). Hydrophobins are abundantly expressed during fungal development, pathogenesis and symbiosis (Wösten, 2001; Whiteford and Spanu, 2002). Being amphiphilic, they could behave as biosurfactants and facilitate fungal adhesion to organic matter and its decomposition (Rineau et al., 2017). Hydrophobins are also instrumental for fungal hyphae to form aerial structures and to adhere to each other and/or to hydrophobic surfaces, such as the plant leaf surface during pathogenesis. Symbiosis-upregulated hydrophobins have been found in the ECM fungi Pisolithus tinctorius (Tagu et al., 2001) and in L. bicolor (Martin et al., 2008; Plett et al., 2012), where they could play a role in establishing hyphal aggregation in the symbiotic interfaces (Raudaskoski and Kothe, 2015).

The O. maius genome features four annotated hydrophobins containing the PFAM and InterPro hydrophobin domains. Rineau et al. (2017) suggested that all O. maius hydrophobins belong to Class I, but our phylogenetic analysis (that also included Class II hydrophobins) showed that two proteins (Oidma1 and Oidma4) belong to Class I and two (Oidma2 and Oidma3) to Class II hydrophobins. OmSSP1 shares some features with Class I hydrophobins and clusters with annotated hydrophobins in this Class, but it was not identified as a hydrophobin because it lacks the corresponding PFAM and InterPro domains, possibly because of the shorter C3–C4 region.

Amino acid features, such as charge and hydrophobicity, can influence hydrophobin structure and function. Thus, the amino acidic composition of the C3-C4 loop as well as of the N-terminal region of hydrophobins may influence the wettability and the substrate-attachment preference of the protein (Linder et al., 2005; Kwan et al., 2006). In this respect, it is interesting to note that proteins in Clade B and Clade C, both showing a C3-C4 loop unusually short for Class I hydrophobins, feature amino acid sequences with very different hydrophobicity (Figure 4), suggesting they may represent structurally and functionally diverse subclasses of Class I hydrophobins. The low complexity region found in OmSSP1 is also unusual for hydrophobins and could be considered a recently evolved trait of this protein (Toll-Riera et al., 2012). Its presence suggests for OmSSP1 a low propension to aggregate and to form alpha-helices and beta-sheets, three properties often correlated with the ability of hydrophobins to pile up in needle-like (amyloid) structures (Rineau et al., 2017).

A high number of hydrophilic residues (asparagine especially) were found in the N-amino terminal region of OmSSP1. According to Linder et al. (2005), the amino terminal region of hydrophobins could have important roles in the specific function of individual proteins. For example, hydrophobins featuring high number of exposed hydrophilic residues at the N-terminal region were found to be overexpressed in mycorrhizal tissues (Whiteford and Spanu, 2002; Rineau et al., 2017).



OmSSP1 Null-Mutants Have a Reduced Ability to Colonize V. myrtillus Roots

There is increasing awareness that SSPs may play important roles during saprotrophic fungal growth, as they have been identified in saprotrophic fungi and they can be expressed by mycorrhizal fungi during asymbiotic growth (Vincent et al., 2012; Doré et al., 2015; Valette et al., 2017). However, although a limited range of growth conditions were tested, OmSSP1 did not appear to be necessary in the FLM, as the three OmSSP1-null mutants were not affected in mycelium morphology or growth rate, even when they were exposed to toxic and oxidative chemical compounds. By contrast, when they were tested for symbiotic capabilities on V. myrtillus plants, a significant reduction in the percentage of mycorrhization (from about 37% to about 23-24%) was measured as compared with the wild-type strain, thus suggesting a specific role of OmSSP1 in the mycorrhization process. The OmSSP1 deletion did not fully prevent root mycorrhization. However, 20% of O. maius SSPs are induced in symbiosis, and although OmSSP1 was the most highly up-regulated, we cannot exclude a functional redundancy, as already reported for the effectors of pathogenic fungi (Selin et al., 2016). Thus, the absence of OmSSP1 could be partly compensated by other O. maius SSPs with similar function, thus lowering the impact of the OmSSP1 deletion.




CONCLUSIONS

In conclusion, the genome of the ERM fungus O. maius contains several SSPs that are up-regulated in symbiosis. Decreased colonization of V. myrtillus roots by OmSSP1-null mutants indicates that this protein, the most highly induced in the ERM symbiosis, is a hydrophobin-like effector that participates in the molecular fungal-plant interaction occurring during mycorrhizal formation. Our data demonstrate for the first time the importance of MiSSPs in ERM, although several questions remain open on the cellular localisation of OmSSP1 and its role in symbiosis.

In ECM, hydrophobins likely play an important role in hyphal aggregation during the formation of the extraradical fungal mantle and the Hartig net (Tagu et al., 2001). However, a similar role is unlikely for OmSSP1 because ERM fungi do not form any extraradical hyphal aggregate and individual ERM fungal hyphae take contact with the hydrophilic surface of root epidermal cells (the only cell type colonized in ERM) prior to cell wall penetration (Perotto et al., 2012).

Other intriguing roles have been proposed for fungal hydrophobins in plant-microbe interactions. For example, Whiteford and Spanu (2002) suggested that, by forming a layer on the hyphal surface, hydrophobins could shield potential microbe-associated molecular patterns (MAMPs) recognized by the host and thus avoid plant defense reactions. In Trichoderma, a genus comprising several soil borne plant-growth promoting fungi, adherence to the root surface and root colonization have been suggested to be mediated by hydrophobins (Hermosa et al., 2012). In fact, deletion of the Class I hydrophobin TasHyd1 decreased root attachment and intercellular growth in T. asperellum (Viterbo and Chet, 2006). Similarly we could speculate that a role of OmSSP1 in ERM may be to enhance O. maius attachment to the root surface and to protect the fungal hypha from plant defense compounds.
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Symbiosis receptor kinase (SYMRK) is a cell membrane-localized protein kinase containing extracellular malectin-like domain (MLD) and leucine-rich repeat (LRR) domains, which is critically required for both root nodule symbiosis (RNS) and arbuscular mycorrhizal symbiosis (AMS). SYMRK is widely distributed in the genomes of different plant species; however, the contribution of different domains of SYMRK and its homologs from other plant species to RNS is largely unclear. In this study, SYMRK and its homologs from three typical plant species including Medicago truncatula (for both RNS and AMS), Oryza sativa (for AMS but not RNS), and Arabidopsis thaliana (for neither RNS or AMS) were investigated using domain swap approach in response to rhizobia in Lotus japonicus. Full-length SYMRK from rice and Medicago but not from Arabidopsis could complement Lotus symrk-409 mutant plants to contribute RNS. The chimeric protein with the extracellular domain (ED) of LjSYMRK and cytoplasmic domains (CD) of SYMRK from both Medicago and rice but not Arabidopsis could contribute to RNS in Lotus, suggesting that the CD of SYMRK is required for symbiotic signaling. The chimeric receptors containing the CD of LjSYMRK (SYMRKCD) and the EDs of MtDMI2 (MtDMI2ED), OsSYMRK (OsSYMRKED), AtSYMRK (AtSYMRKED), NFR1 (NFR1ED), and NFR5 (NFR5ED) could complement Lotus symrk-409 mutant plants to develop nodules. However, MtDMI2 could partially complement Lotus symrk-409 mutants to form both effective nodules and ineffective bumps, which is similar to the complementation results from MtDMI2ED-LjSYMRKCD and LjSYMRKGDLC in Lotus symrk-409 mutants, suggesting that ED of SYMRK has a very fine-tune regulation for RNS in Lotus. The deletion of either MLD or LRR on SYMRKGDLC (a mutant version of SYMRK with GDPC motif replaced by GDLC) could contribute to RNS when overexpressed in Lotus symrk-409 mutants, suggesting that MLD and LRR domains might work together to be involved in symbiotic signaling and the LRR domain might play a negative role in LjSYMRKGDLC-mediated RNS. By mutagenizing the conserved amino acids on LRR domain, five serine residues were found to be required for the function of LjSYMRKGDLC in RNS. These finding precisely refine the molecular mechanisms of SYMRK function in symbiotic signaling in L. japonicus.

Keywords: Lotus japonicus, root nodule symbiosis, symbiosis receptor kinase, symbiotic signaling, domain swap, nitrogenase activity


INTRODUCTION

In barren soils, leguminous plants form symbiosis with rhizobia leading to the development of a new organ called a nodule, where rhizobia reside and subsequently reduce nitrogen into ammonium for the plant host in exchange for nutrients. In comparison to the root nodule symbiosis (RNS), which is mostly restricted in legumes, the arbuscular mycorrhizal symbiosis (AMS) is widespread in most landed plants, with a few exceptions (for example cruciferous plants). It is estimated that AMS originated about 400 million years ago, while RNS originated about 60 million years ago (Remy et al., 1994; Young et al., 2011), consistent with the generally accepted theory that RNS evolved from AMS and both of them evolved from plant–pathogens interaction (Parniske, 2008; Markmann and Parniske, 2009).

For almost all the symbiosis between legumes and rhizobia, the initiation of compatible interaction begins with a molecular dialog between two partners (Oldroyd, 2013). The flavonoids secreted by plant hosts induce the biosynthesis and secretion of lipo-chitooligosaccharide called Nod factor (NF) by rhizobia (Fisher and Long, 1992). In the root hairs, two LysM receptor-like kinases, for example, NFR1/NFR5 in Lotus, or LYK3/NFP in Medicago, could recognize the NF to initiate the symbiotic signaling leading to the formation of root nodules for rhizobial colonization (Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2006; Broghammer et al., 2012; Moling et al., 2014). Recently, another LysM-RLK (exopolysaccharide receptor 3, EPR3) was shown to recognize rhizobia EPS, indicating that plants could recognize at least two symbiotic signals to mediate symbiosis (Kawaharada et al., 2015, 2017). A leucine-rich repeat (LRR) receptor-like kinase, Lotus SYMRK or Medicago Does Not make Infections (DMI2), plays a key role in symbiotic signaling acting as a downstream component of Nod Factor Receptors (Ané et al., 2002; Stracke et al., 2002; Miwa et al., 2006). All these receptor-like kinases are required for calcium spiking and expression of symbiosis-relate genes via a common symbiosis pathway (CSP) (Oldroyd and Downie, 2008; Kouchi et al., 2010). Similar to RNS, LjNFR1/MtLYK3 also participates in AMS with a possible function to recognize Myc Factor produced by arbuscular mycorrhizal fungi (Zhang et al., 2015). The Myc and Nod factors initiate a common signaling pathway (CSP) with overlapped signaling components identified (Oldroyd, 2013; Genre and Russo, 2016). Symbiosis receptor kinase (SYMRK) is widespread in most plant species such as leguminous and cereal plants. Furthermore, in the Arabidopsis who could not have the capability of either RNS or AMS has two SYMRK homologs, i.e., AT1G67720.1 and AT2G37050.1 (Shiu and Bleecker, 2001).

In Lotus, knock-out of SYMRK completely abolished the ability to form ITs or produce nodules with rhizobia. However, in the symrk-14 mutant plants that harbor a point mutation at GDPC motif linking malectin and LRR domains, epidermal responses including infection thread formation were significantly reduced, while the formation of nodule primordia and cortical infection were slightly changed (Kosuta et al., 2011), suggesting that epidermal response and cortical program might be differentially regulated during symbiotic interaction with rhizobia. Since GDPC motif was shown to be required for the cleavage of malectin-like domain (MLD) from SYMRK protein (Antolín-Llovera et al., 2014), malectin and LRR might have a fine-tune regulation mechanism in mediating symbiotic response. The truncated version SYMRKΔMLD (lacking the MLD) was shown to be able to interact with NFR5 and transfer the symbiotic signal to downstream targets (Antolín-Llovera et al., 2014). In Lotus, overexpression of the full-length SYMRK could produce spontaneous nodules in the absence of rhizobia (Ried et al., 2014). Similarly, overexpression of the kinase domain of Arachis hypogaea SYMRK (AhSYMRKKD) could also induce spontaneous nodule formation in the absence of rhizobia (Saha et al., 2014), suggesting that the kinase domain of SYMRK might have a dominant positive role in nodule organogenesis. However, the autophosphorylation of SYMRK seems not to be essential to mediate symbiotic signaling, since mutation at an autophosphorylation site (Tyr-670) in AhSYMRK could partially complement symrk mutants by producing infection threads and uninfected nodule primordia (Samaddar et al., 2013; Paul et al., 2014; Saha et al., 2016). In addition, expression of OsSYMRK under the control of the SYMRK promoter could only complement symrk mutants to produce AMS but not RNS in Lotus (Markmann et al., 2008). All these results not only indicated the critical role of SYMRK protein in RNS, but also suggested that SYMRK uncouples the rhizobia infection and nodule formation. However, how the extracellular domains (EDs) of SYMRK is involved in RNS is largely unknown.

In this study, we demonstrate that MtDMI2 (SYMRK homolog protein in Medicago) and OsSYMRK but not AtSYMRK could complement Lotus SYMRK−/− plants. In addition, multiple chimeric SYMRK proteins were developed to analyze the function of different domains of SYMRK in RNS. The data refine the molecular mechanisms of each domain of SYMRK in RNS in Lotus.



RESULTS


Homology Analysis of SYMRK in Legumes and Non-legumes

SYMRK is critically required for both root nodule symbiosis (RNS) and AMS. To study its function involved in RNS, SYMRK homologs were identified based on sequence similarity with Lotus SYMRK using BLASTp as a search engine at the National Center for Biotechnology Information database (NCBI), and 18 SYMRK homologs were identified. A phylogenetic tree based on various SYMRK proteins was made using the MEGA 5.1 software (Figure 1). In the phylogenetic tree, SYMRK proteins and homologs fall into three different clades. Clade I contains SYMRK proteins from plants that could have both RNS and AMS; clade II contains SYMKR from plants having AMS but not RNS, while proteins from Cruciferae plants that could not possess either AMS or RNS fallen into clade III.
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FIGURE 1. Phylogenetic tree of SYMRK proteins in different species. The Phylogenetic tree was constructed using MEGA 5.1 software with 1,000 bootstrap replications. Abbreviation of each species names were used to represent the SYMRK protein cloned from this species. Ma, Melilotus albus; Mt, M. truncatula; Ps, Pisum sativum; Ca, Cicer arietinum; Gm, Glycine max; Sr, Sesbania rostrata; Lj, L. japonicus; Sl, Solanum lycopersicum; Dc, Dendrobium catenatum; Zm, Zea mays; Sb, Sorghum bicolor; Os, Oryza sativa; Bd, Brachypodium distachyon; Br, Brassica rapa; Rs, Raphanus sativus; Cs, Camelina sativa; At, Arabidopsis thaliana; Al, Arabidopsis lyrata.





Both OsSYMRK and MtDMI2 but not AtSYMRK Could Complement symrk-409 Mutant in Lotus

To study the function of SYMRK involved in RNS in Lotus, an LORE1-insertion symrk mutant were identified from the Centre for Carbohydrate Recognition and Signaling (CARB, http://users-mb.au.dk/pmgrp/) (Fukai et al., 2012; Urbanski et al., 2012; Małolepszy et al., 2016). The line 30010361 (symrk-409) contains an LORE1-insertion between exon 4 and intron 4, leading to the early termination of translation of SYMRK (Figures S1A–C). In response to rhizobia treatment, infection threads and nodules were not detected in the symrk-409 mutant plants when compared with Lotus B-129 Gifu 7- and 21-day post-inoculated (DPI) with rhizobia (Figures S1D–G), indicating that the symrk-409 is another knock-out mutant that could be used for future study.

To analyze the symbiotic function of various SYMRK proteins, one SYMRK protein from each clade-based phylogenetic tree, respectively, was chosen for study, i.e., MtDMI2 from Medicago that could have both RNS and AMS, OsSYMRK from rice that could only have AMS, and AtSYMRK from Arabidopsis that could have neither RNS or AMS.

To test the function of each SYMRK as indicated above, SYMRK proteins including LjSYMRK, MtDMI2, OsSYMRK, and AtSYMRK and control vector were transgenically expressed in the symrk-409 mutant plants under the control of the Ljubiquitin promoter using hairy root transformation. The Ljubiquitin promoter could induce a strong expression of multiple genes in previous publications (Maekawa et al., 2009; Yoro et al., 2014; Wang et al., 2016). Compared with no nodules observed in the control transformation (Figures 2A1–5), overexpression of LjSYMRK or OsSYMRK or MtDMI2 but not AtSYMRK-induced nodule formation 21 DPI with rhizobia in symrk-409 mutant plants (Figure 2A). There was no significant difference in the number of nodules per plant root transformed with either LjSYMRK or MtDMI2 or OsSYMRK 21 DPI with rhizobia (Figure 2B). In comparison to wild type and LjSYMRK-transgenic Lotus nodules, decreased nitrogenase activities from transgenic nodules with expression of either MtDMI2 or OsSYMRK were measured. While no nitrogenase activity was detected in roots transformed with either vector control or AtSYMRK (Figure 2C). In consistence with the low levels of nitrogenase activity from MtDMI2-transgenic nodules, about 30% ineffective bumps with no rhizobia infection were observed (Figure 2D). However, no ineffective bumps were observed in OsSYMRK-transgenic Lotus symrk-409 mutant roots. These data indicate that both MtDMI2 and OsSYMRK but not AtSYMRK could complement symrk-409 mutant to form nodules.
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FIGURE 2. Complementation of Lotus symrk-409 mutants with LjSYMRK, MtDMI2, OsSYMRK, and AtSYMRK. (A) Representative micrographs of different transgenic nodules. Positive transgenic roots identified using GFP signals were inoculated with M. loti strain NZP2235 containing a LacZ report gene. Nodules and bumps were stained with X-gal. Images showed nodules produced on symrk-409 roots transgenically expressed with empty control (A1–5), LjSYMRK (A6–10), MtDMI2 (A11–15), OsSYMRK (A16–20), and AtSYMRK (A21–25). Digital numbers on top of (A) indicate the number of nodulated plants out of the positive transgens. (B) Numbers of nodules and bumps generated on different transgenic roots 21 DPI with rhizobia. (C) Nitrogenase activity of root nodules 21 DPI with rhizobia determined using acetylene reduction method. *P < 0.05, **P < 0.01 indicate significant differences (t-test). (D) Frequency of nodules and bumps produced on the transgenic roots.



Since both Lotus and Medicago belong to leguminous plants, we examined whether LjSYMRK could complement MtDMI2-knock-out mutant plants dmi2-1 (or named TR25). Both LjSYMRK and MtDMI2 and control vector were introduced into dmi2-1 using hairy root transformation. In comparison with no infection threads and nodules observed on the dmi2-1 mutant transformed with empty vector (Figures S2A1–5,B), a significant number of nodules and infected nodule primordium was detected on roots transformed with either MtDMI2 or LjSYMRK (Figures S2A6–15,2B), which is consistent with nitrogenase activity measured in these two transgenic nodules (Figure S2C). However, about 20% nodule cases formed on dmi2-1 mutant plants expressing LjSYMRK are ineffective since no rhizobia were detected using lacZ staining (Figure S2D), suggesting that MtDMI2 and LjSYMRK have overlapping function to complement each other but with exceptional roles in mediating symbiosis in their own hosts.



The CD of SYMRK Is Essential but the ED Is Important in RNS in Lotus

To study the function of each domain of SYMRK from different plant species, a variety of constructs was made using domain swaps and functionally tested in symrk-409 mutant plants using hairy root transformation (Figure S3). To study the function of the cytoplasmic domain (CD) of SYMRK, the CD of LjSYMRK replaced with CDs of MtDMI2, OsSYMRK, and AtSYMRK (Figure S3). In symrk-409, roots transformed with LjSYMRKED-MtDMI2CD and LjSYMRKED-OsSYMRKCD formed normal infected nodule primordia and effective nodules (Figure 3A1–10,B–D) with similar nitrogenase activities measured (Figure 3C). However, LjSYMRKED-AtSYMRKCD could not complement symrk-409 to form infection threads and nodules (Figures 3A11–15). These data suggest that the CD of SYMRK plays an essential role in RNS.
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FIGURE 3. Complementation of Lotus symrk-409 mutants with LjSYMRKED-MtDMI2CD, LjSYMRKED-OsSYMRKCD, and LjSYMRKED-AtSYMRKCD. (A) Representative micrographs of different transgenic nodules. Positive transgenic roots identified using GFP signals were inoculated with M. loti strain NZP2235 containing a LacZ report gene. Nodules and bumps were stained with X-gal. Images showed nodules produced on symrk-409 roots transgenically expressed LjSYMRKED-MtDMI2CD (A1–5), LjSYMRKED-OsSYMRKCD (A6–10), and LjSYMRKED-AtSYMRKCD (A11–15). Digital numbers on top of panel A indicate the number of nodulated plants out of total positive trasngens. (B) Numbers of nodules produced per transgenic roots 21 DPI with rhizobia. (C) Nitrogenase activities of root nodules 21 DPI with rhizobia determined using acetylene reduction method. (D) Frequency of nodules and bumps generated on the transgenic roots.



To analyze the symbiotic function of the ED of SYMRK, the ED of LjSYMRK was replaced with the ED of MtDMI2, OsSYMRK, and AtSYMRK to obtain the chimeric protein MtDMI2ED-LjSYMRKCD, OsSYMRKED-LjSYMRKCD, and AtSYMRKED-LjSYMRKCD, respectively (Figure S3). After transgenically expressed in symrk-409 roots, the function of these three chimeric proteins in nodulation were analyzed. All these three chimeric proteins could confer significant number of nodules formed on symrk-409 roots 21 DPI with rhizobia (Figures 4A,B). However, MtDMI2ED-LjSYMRKCD-transgenic plants produced 30% bumps with no LacZ activity detected (Figure 4D) and lower nitrogenase activity than the other two transgenic nodules (Figure 4C). The ED of LjSYMRK was also replaced with ED of LjNFR1 or LjNFR5 to generate LjNFR1ED-LjSYMRKCD and LjNFR5ED-LjSYMRKCD, respectively, and transgenically expressed these chimeric proteins in symrk-409 mutant plants. Surprisingly, normal nodules numbers and significantly high nitrogenase activities were measured in the symrk-409 mutant transformed with either LjNFR1ED-LjSYMRKCD or LjNFR5ED-LjSYMRKCD (Figure S4). These data suggest that ED of SYMRK is important but might not be necessary while the CD of LjSYMRK is essential for RNS in Lotus.
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FIGURE 4. Complementation of Lotus symrk-409 mutants with MtDMI2ED-LjSYMRKCD, OsSYMRKED-LjSYMRKCD, and AtSYMRKED-LjSYMRKCD. (A) Representative micrographs of different transgenic nodules. Positive transgenic roots identified using GFP signals were inoculated with M. loti strain NZP2235 containing a LacZ report gene. Nodules and bumps were stained with X-gal. Images showed nodules produced on symrk-409 roots transgenically expressed MtDMI2ED-LjSYMRKCD (A1–5), OsSYMRKED-LjSYMRKCD (A6–10), and AtSYMRED-LjSYMRKCD (A11–15). Digital numbers on panel A indicate the number of nodulated plants per total number of GFP-positive plants. (B) Numbers of nodules produced per transgenic roots 21 DPI with rhizobia. (C) Nitrogenase activities of transgenic nodules 21 DPI with rhizobia determined using acetylene reduction method. **P < 0.01 (t-test). (D) Frequency of nodules and bumps generated on the transgenic roots.





MLD and LRR Domain Have a Fine-Tune Regulation on SYMRK-Mediated Symbiotic Response

Complementation with either MtDMI2 or MtDMI2ED-LjSYMRKCD in symrk-409 plants could produce both effective nodules and ineffective bumps. To test which domain is required for its function in negative regulate rhizobia infection, we made four truncated versions of LjSYMRK (Figure S3), i.e., LjSYMRKΔED (LjSYMRK without ED), LjSYMRKΔMLD (LjSYMRK without MLD), LjSYMRKΔLRR (LjSYMRK without LRR domain and “GDPC” motif), and LjSYMRKGDLC (Proline replaced with leucine). LjSYMRK deleted with MLD, or LRR, or ED could rescue the defects on nodulation phenotype in symrk-409 mutant plants (Figures 5A5–20). The transgenic plants with overexpression of LjSYMRKΔMLD, or LjSYMRKΔLRR, or LjSYMRKΔED formed a significant number of nodules with high nitrogenase activities measured (Figures 5B–D), suggesting that the EDs of SYMRK might not be necessary to be involved in symbiosis. However, LjSYMRKGDLC (a mutation at the conserved residues “GDPC” motif) whose MLD was not detected to be cleaved during symbiosis could not completely complement symrk-409 mutant plants with only ineffective bumps developed (Figures 5A1–5,B–D). These data suggest that MLD or LRR domain alone is dispensable but might work together to reduce rhizobial infection in mutant plants expressing LjSYMRKGDLC.
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FIGURE 5. Complementation of Lotus symrk-409 mutants with LjSYMRKGDLC, LjSYMRKΔMLD, LjSYMRKΔLRR, and LjSYMRKΔED. (A) Representative micrographs of different transgenic nodules. Positive transgenic roots identified using GFP signals were inoculated with M. loti strain NZP2235 containing a LacZ report gene. Nodules and bumps were stained with X-gal. Images showed nodules produced on symrk-409 roots transgenically expressed LjSYMRKGDLC (A1–5), LjSYMRKΔMLD (A6–10), LjSYMRKΔLRR (A11–15), and LjSYMRKΔED (A16–20). Digital numbers on panel A indicate the number of nodulated plants per total positive roots. (B) Numbers of nodules and bumps produced on the transgenic roots 21 DPI with rhizobia. ***P < 0.01 (t-test). (C) Nitrogenase activities of transgenic nodules 21 DPI with rhizobia determined using acetylene reduction method. (D) Frequency of nodules and bumps generated on the transgenic roots.





The LRR Domain Plays a Crucial Role in LjSYMRKGDLC-Mediated RNS

A previous conclusion indicated that mutation at the GDPC motif that connects MLD and LRR disrupts the cleavage of MLD from SYMRK leading to the block of RNS in Lotus. We sought to examine whether LRR domain is required for its function in symbiosis. Chimeric constructs containing LjSYMRKGDLC with LRR domains of MtDMI2, OsSYMRK, and AtSYMRK were made to generate LjSYMRKGDLC-MtLRR, LjSYMRKGDLC-OsLRR, and LjSYMRKGDLC-AtLRR, respectively (Figure S3), and functionally tested in symrk-409 mutant plants using hairy root transformation approach. Transgenic roots overexpressing either LjSYMRKGDLC-OsLRR or LjSYMRKGDLC-AtLRR but not LjSYMRKGDLC-MtLRR could generate effective nodules with high nitrogenase activity per root tested (Figure 6). These findings implicate that the LRR domain is critical among SYMRK homologous proteins in the RNS.
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FIGURE 6. Complementation of Lotus symrk-409 mutants with LjSYMRKGDLC-MtLRR, LjSYMRKGDLC-OsLRR, and LjSYMRKGDLC-AtLRR. (A) Representative micrographs of different transgenic nodules. Positive transgenic roots identified using GFP signals were inoculated with M. loti strain NZP2235 containing a LacZ report gene. Nodules and bumps were stained with X-gal. Images showed nodules produced on symrk-409 roots transgenically expressed LjSYMRKGDLC-MtLRR (A1–5), LjSYMRKGDLC-OsLRR (A6–10), and LjSYMRKGDLC-AtLRR (A11–15). Digital numbers on (A) indicate the number of nodulated plants per total positive roots. (B) Numbers of nodules and bumps produced on the transgenic roots 21 DPI with rhizobia. (C) Nitrogenase activities of transgenic nodules 21 DPI with rhizobia determined using acetylene reduction method. (D) Frequency of nodules and bumps generated on the transgenic roots.



In order to verify the importance of LRR domains, the alignment of amino acid sequence of LRR domains of SYMRK from different plant species were made (Figure S5) and nine conserved residues were chosen for point mutation into alanine based on the construct containing LjSYMRKGDLC. All these variants were transgenically overexpressed in symrk-409 mutant plants and nodulation phenotype was assayed 21 DPI with rhizobia. Transgenic roots expressing LjSYMRKGDLC with mutations at H437, P448, Y460, and E469, respectively, only developed ineffective nodules with no nitrogenase activity detected (Figure 7), which is similar to the phenotype on LjSYMRKGDLC-expressing transgenic roots. However, mutations at five serine residues (S422, S450, S451, S455, and S470) in LjSYMRKGDLC induced the formation of nodules in symrk-409 mutant plants, some of which are rhizobia-infected nodules with measurable nitrogenase activity (Figure 7), indicating that these five serine residues are critical in SYMRKGDLC.
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FIGURE 7. Complementation of Lotus symrk-409 mutants with constructs of point mutations on the LRR domain of LjSYMRKGDLC. (A) Representative micrographs of different transgenic nodules. Positive transgenic roots identified using GFP signals were inoculated with M. loti strain NZP2235 containing a LacZ report gene. Nodules and bumps were stained with X-gal. Images showed nodules produced on symrk-409 roots transgenically expressed LjSYMRKGDLC-S422A (A1–5), LjSYMRKGDLC-H437A (A6–10), LjSYMRKGDLC-P448A (A11–15), LjSYMRKGDLC-S450A (A16–20), LjSYMRKGDLC-S451A (A21–25), LjSYMRKGDLC-S455A (A26–30), LjSYMRKGDLC-Y460A (A31–35), LjSYMRKGDLC-E469A (A36–40), and LjSYMRKGDLC-S470A (A41–45). Digital numbers on (A) indicate the number of nodulated plants per total positive roots. (B) Numbers of nodules and bumps produced on the transgenic roots 21 DPI with rhizobia. (C) Nitrogenase activities of transgenic nodules 21 DPI with rhizobia determined using acetylene reduction method. **P < 0.01 (t-test). (D) Frequency of nodules and bumps generated on the transgenic roots.






DISCUSSION

SYMRK protein plays a crucial role in root nodule symbiosis in leguminous plants in response to compatible rhizobia. In this study, domain swap approach was used to study the function of different domains of SYMRK involved in RNS in Lotus. The broad goal of this study was to refine the molecular function of different domains of SYMRK in the contribution to root nodule symbiosis using domain swap approach in Lotus japonicus.

SYMRK is a key component in the symbiotic signaling pathway, which is essential for both RNS and AMS. In leguminous plants, such as in Medicago, MtDMI2 is required for both RNS and AMS, while in rice, OsSYMRK was only shown to be required for AMS and AtSYMRK was shown not to be involved in symbiosis in Arabidopsis. To test the roles of different domains of SYMRK in RNS, several chimeric SYMRK protein-encoding genes were constructed under the control of the Ljubiquitin promoter and multiple individual transgenic roots were used to test their functions in Lotus. The diverse function of SYMRK homologous proteins was further confirmed with the finding that MtDMI2 and OsSYMRK but not AtSYMRK could complement Lotus SYMRK−/− mutant to mediate RNS. The function of SYMRK proteins were tested in Lotus SYMRK−/− plants in response to rhizobia. The partial complementation by MtDMI2 by forming some ineffective nodules suggests the slight different function of SYMRK between Lotus and Medicago might exist. Since Medicago forms indeterminate nodules while Lotus forms determinate nodules with rhizobia, it is possible that SYMRK-mediated RNS have a little difference within these two plant species. Domain swap approach by replacing the CD of LjSYMRK with CDs from other SYMRK homologs confirmed that AtSYMRK is not functional in Lotus to mediate RNS. While the ED of LjSYMRK seems to be not so important since replacing LjSYMRKED with ED from other SYMRK proteins or even from NFR1 and NFR5 is still functional to mediate RNS in Lotus. The critical function of SYMRKCD in symbiosis was also reported that spontaneous nodule formation was observed in Medicago and Lotus when the kinase domain of AhSYMRK and the full length LjSYMRK were overexpressed, respectively (Ried et al., 2014; Saha et al., 2014). Chimeric protein AtSYMRKED-LjSYMRKCD but not full length of AtSYMRK could complement Lotus SYMRK1−/− mutants indicates that the kinase domain of SYMRK is critical to induce nodule initiation even regardless of its ED or without rhizobia treatment when overexpressed in plants.

The ED of SYMRK contains two important domains, i.e., MLD and LRR linked by a GDPC motif. The well-established model about SYMRK reveals that cleavage of MLD is required for its association with NFR5 to mediate symbiotic signaling transduction in Lotus (Antolín-Llovera et al., 2014). It seems that the presence of MLD suppresses SYMRK-mediated symbiotic signaling since Lotus symrk-14 mutants having a point mutation at the linker (“GDPC” motif was mutated into “GDLC”) between MLD and LRR showed strong inhibition on bacterial infection but slight suppression on the development of nodules (Ried et al., 2014). The abnormal function of SYMRK-14 (or SYMRKGDLC) in RNS was exaggerated with only ineffective nodules formed in Lotus when SYMRKGDLC was overexpressed. However, overexpression of SYMRKGDLC with deletion of either MLD or LRR domain only produced effective nodules, suggesting that both MLD and LRR domain of SYMRK might play a negative rule but might work together in SYMRKGDLC-mediated nodule organogenesis in Lotus. The same phenotype with effective nodule formation was also observed in Lotus when LjSYMRKGDLC with its LRR replaced by the LRR domains from OsSYMRK or AtSYMRK but not from MtDMI2 was overexpressed, suggesting that LRR domains from OsSYMRK or AtSYMRK might be not functional in mediating RNS in Lotus. The negative role of LRR domain in SYMRKGDLC-mediated response is further confirmed by point mutations at five conserved serine residues, leaving us a possibility that the negative function of LRR might be regulated by an unknown phosphorylation.

The ED of SYMRK seems to have a fine-tune regulation on the activation of symbiotic signaling in Lotus. Replacement ED with EDs from OsSYMRK or AtSYMRK proteins or even with NFR1 and NFR5 could contribute symbiotic response when overexpressed in Lotus plants. Since these proteins located far from LjSYMRK based on the phylogenetic tree, it is possible that these chimeric proteins with nonfunctional EDs still keep some function as LjSYMRKΔED to induce symbiotic response. However, the chimeric protein MtDMI2ED-LjSYMRKCD could not completely complement Lotus SYMRK−/− plants, indicating that the functional difference between Lotus and Medicago possibly due to that different nodule types formed on these two plants. The abovementioned hypothesis is further confirmed by the finding that LjSYMRKGDLC-MtLRR but not LjSYMRKGDLC-AtLRR or LjSYMRKGDLC-OsLRR is not functional to mediate RNS in Lotus. The whole ED from LjSYMRK might be nonfunctional when LRR domain was replaced with LRR from AtSYMRK or OsSYMRK. However, since the LRR from MtDMI2 might have difference to mediate RNS, the MLD of LjSYMRK seems not to match with the LRR from MtDMI2 which finally made the chimeric protein LjSYMRKGDLC-MtLRR lose its function in RNS. The data indicated that MLD and LRR must have a fine-tune regulation on the activation of symbiotic response.

In conclusion, the intracellular domain of SYMRK is critical while the ED of SYMRK plays a relatively minor role in mediating RNS in Lotus. GDPC motif that connects MLD and LRR domain required for MLD cleavage in response to RNS is responsible for nodule organogenesis. Both MLD and LRR domains might have a fine-tune regulation of SYMRK-mediated nodule organogenesis in Lotus. This progress in defining the molecular functions of SYMRK in RNS. However, identification of the direct targets of SYMRK and crystal structure of SYMRK are the future topics for understanding the molecular mechanisms mediated by SYMRK in NRS.



MATERIALS AND METHODS


Homology Analysis

SYMRK homologous proteins were identified based on the sequence similarity to Lotus SYMRK with the protein blast suite at the National Center for Biotechnology Information database (https://blast.ncbi.nlm.nih.gov) used. The phylogenetic tree was built by MEGA 5.1 software (Tamura et al., 2011).



Plant Growth and Rhizobia Inoculation

Lotus seeds (B-129 Gifu and symrk mutant) and hair root transgenic seedlings were grown in vermiculite and perlite mixed (2:1 volume ratio) supplied a 1/2 B&D medium and placed in a growth chamber set at 22°C for 16-h-light/8-h-dark cycle. Plants were inoculated with Mesorhizobium loti strain NZP2235 expressing beta-galactosidase (LacZ) after 5 days. Rhizobia grown in liquid TY medium adding tetracycline at OD600 of 1.0. They were then pelleted and resuspended in 1/2 B&D medium containing 0.5 mM KNO3 at OD600 of 0.02.

Medicago hair root transgenic seedlings were grown in vermiculite and perlite mixed (2:1 volume ratio) supplied a 1/2 FM medium and placed in a growth chamber set at 22°C for 16-h-light/8-h-dark cycle. Plants were inoculated with Sinorhizobium meliloti strain Sm2011 expressing LacZ after 5 days. Rhizobia grown in liquid TY medium adding tetracycline at OD600 of 1.0. They were then pelleted and resuspended in 1/2 FM medium containing 0.5 mM KNO3 at OD600 of 0.02.



Lotus symrk Mutant Identification

Genomic DNA was extracted from putative mutant plants and used for PCR amplification of 2 min soak at 95°C, followed by 35 cycles of 30 s at 94°C, 30 s at 58°C, and 50 s at 72°C, followed by 5 min soak at 72°C. Primers for genotyping of symrk-409 insertion alleles are provided in Table S1, which were performed as described previously (Fukai et al., 2012; Urbanski et al., 2012).



RNA Isolation and Quantitative RT-PCR

Total RNA was extracted from roots at 7 DPI using the EASYspin Plant RNA Kit (Aidlab, China). Primescript RT Reagent Kit (TaKaRa, Japan) was used to remove gDNA of RNA samples and reverse transcribe RNA into cDNA. Quantitative real-time PCR was performed on an ABI ViiATM7 Real-Time PCR System (ABI, USA) using One-Step SYBR PrimeScript RT-PCR kit II (Takara, Japan). Lotus ATP synthase (Genbank ID: AW719841) and ubiquitin (Genbank ID: AW720576) were used as reference genes, which are stably expressed in all plant tissues. Primers for qRT-PCR are listed in Table S1.



Plasmid Construction for Mutant Complementation

The pUB-GFP vector was digested by restriction endonucleases XbaI and StuI, then linked to a fragment or multi-fragments by Gibson assembly (Gibson et al., 2009). Primers for PCR are listed in Table S1.



Lotus Hairy Root Transformation

The pUB-GFP vectors carrying a variety of chimeric SYMRK constructs were transformed into symrk-409 seedlings using Agrobacterium rhizogenes LBA1334 as described by Wang et al. (2013). The GFP marker was used for selection of transgenic hairy roots by a fluorescence stereo microscope (Nikon SMZ18, Japan).



Medicago Hairy Root Transformation

Transgenic root on dmi2-1 seedlings were induced using A. rhizogenes MSU440 as described by Wang et al. (2016). Positive transgenic hairy roots were identified by GFP marker using a fluorescence stereo microscope (Nikon SMZ18, Japan).



X-Gal Staining

Plants were inoculated with rhizobia carrying a lacZ reporter gene. At 7 or 21 DPI, roots were vacuum infiltrated for 5 min in fixative solution (1.25% Glutaraldehyde dissolved in 0.1 M potassium phosphate buffer pH 7.4), and placed at room temperature for 40 min, washed twice 10 min in 0.1 M potassium phosphate buffer. Roots were vacuum infiltrated for 5 min with X-Gal staining solution [0.1 M phosphate buffer, 6.25 mM K4Fe(CN)6, 6.25 mM K3Fe(CN)6, 0.75% X-Gal in DMF] and kept overnight at 28°C in the dark. Roots were washed twice in 0.1 M potassium phosphate buffer for 5 min, then rinsed twice in ddH2O for 5 min. Stained roots were examined using a fluorescence stereo microscope (Nikon SMZ18, Japan) and a fluorescence microscope (LEICA DM2500, Germany).



Detection of Nitrogenase Activity

Acetylene reduction activity (ARA) was used to detect nitrogenase activity of root nodules at 21 DPI. Four nodulated seedlings were transferred into test tubes with 2 ml acetylene added for additional growth at 28°C for 2 h. At least three repeats of each experiment were analyzed. Acetylene was surveyed using a GC-4000A gas chromatograph (Dongxi Company, China).
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LysM receptor-like kinases (LysM-RLKs), which are specific to plants, can control establishment of both the arbuscular mycorrhizal (AM) and the rhizobium-legume (RL) symbioses in response to signal molecules produced, respectively, by the fungal and bacterial symbiotic partners. While most studies on these proteins have been performed in legume species, there are also important findings that demonstrate the roles of LysM-RLKs in controlling symbiosis in non-legume plants. Phylogenomic studies, which have revealed the presence or absence of certain LysM-RLKs among different plant species, have provided insight into the evolutionary mechanisms underlying both the acquisition and the loss of symbiotic properties. The role of a key nodulation LysM-RLK, NFP/NFR5, in legume plants has thus probably been co-opted from an ancestral role in the AM symbiosis, and has been lost in most plant species that have lost the ability to establish the AM or the RL symbiosis. Another LysM-RLK, LYK3/NFR1, that controls the RL symbiosis probably became neo-functionalised following two rounds of gene duplication. Evidence suggests that a third LysM-RLK, LYR3/LYS12, is also implicated in perceiving microbial symbiotic signals, and this protein could have roles in symbiosis and/or plant immunity in different plant species. By focusing on these three LysM-RLKs that are widespread in plants we review their evolutionary history and what this can tell us about the evolution of both the RL and the AM symbioses.

Keywords: LysM domain, kinase domain, NFP, LYR3, LYK3, nodulation, arbuscular mycorrhization, lipo-chitooligosaccharide


INTRODUCTION

In plants, several LysM receptor-like kinases (LysM-RLKs) have been characterised as symbiotic receptor proteins. After an introduction about the evolutionary origins of LysM-RLKs, we focus on three LysM-RLKs, known as NFP/NFR5, LYK3/NFR1, and LYR3/LYS12 in Medicago truncatula/Lotus japonicus, and their hypothetical evolutionary histories related to root endosymbiosis establishment. Other LysM-RLKs described in the text are listed in the glossary.



EVOLUTIONARY ORIGINS OF LysM-RLKs

Proteins incorporating three extracellular LysM domains, a transmembrane domain and an intracellular kinase domain (Figure 1A) are specific to plants, and result from evolutionary events that apparently predate plant colonization of the land (Delaux et al., 2015). Whether the LysM triplet was only formed once is difficult to know, but LysM1, LysM2, and LysM3 of each proteinusually resemble more the same domain of homologous LysM-RLK proteins than other domains of the same protein (Arrighi et al., 2006). LysM domains are of bacterial origin, but unlike prokaryotic proteins with repeated LysM domains, those of LysM-RLKs are always separated by conserved cysteine-X-cysteine motifs, responsible for the formation of disulphide bridges (Lefebvre et al., 2012).


[image: image]

FIGURE 1. Schematic presentation of a LysM-RLK protein structure (A) and sequence logos generated using Clustal W (Larkin et al., 2007) and WebLogo software (Schneider and Stephens, 1990; Crooks et al., 2004), and approximately 60 Angiosperm protein sequences each of NFP or LYR3 (B,C) (Supplementary Table S1 and Supplementary Data Sheet S1). The sequence logos show the extent of sequence conservation within (B) part of the intracellular domain that contains the activation loop in LYR3 proteins but not in NFP proteins; and (C) individual LysM domains (LysM2 for NFP proteins and LysM3 for LYR3 proteins). In (B) the conserved “F” at position 6 of the sequence logos corresponds to the “F” in the “DFG” motif of active kinases. The amino acid positions highlighted in (C) correspond to L118 in LjNFR5 LysM2; L154 in MtNFP LysM2 and Y228 in MtLYR3 LysM3, as discussed in the text. The LysM sequence logos also show that each LysM domain is a combination of highly conserved and highly variable residues, many of which are probably involved in tertiary structure and ligand binding specificity, respectively. Sequence logos of all the 3 LysM domains of NFP and LYR3 are shown in Supplementary Figures S1, S2.



Three types of kinase domain can be distinguished for LysM-RLKs, two of which are predicted to have kinase activity, while a third group can be considered to be pseudo-kinases (Arrighi et al., 2006). These all have a common evolutionary origin, since all kinase domains of plant RLKs form a monophyletic family within the superfamily of plant kinases (Shiu and Bleecker, 2001). Symbiotic LysM-RLKs have so far been identified as “LYK-type” (active kinase) or “LYR-type” (pseudo-kinase) proteins. The presence of both types in all higher plants, together with strong conservation of intron-exon structure, indicates their ancient evolutionary origin and ancient events of duplication. Canonical 3-D structures can be predicted for LYR-type kinase domains (Arrighi et al., 2006), indicating that they evolved from active kinase domains. From our sequence analyses, the first changes were probably loss of the glycine-rich loop and the “DFG” motif at the start of the activation loop, which are ubiquitously absent in such proteins. Subsequently, one evolutionary line leads to proteins such as NFP that have lost the activation loop in their kinase domains, and another leads to most other LYR-type proteins, which have a conserved activation loop. The loss of the activation loop in NFP is common to all plant species analysed here, as shown in the sequence logos in Figure 1B, which include the basal flowering plant Amborella trichopoda estimated to have split from other flowering plants 145-210 MYA(Aoki et al., 2004). These sequence logos also show good sequence conservation in the activation loop region among all the LYR3 proteins analysed (Figure 1B).



THE EVOLUTIONARY ACQUISITION AND LOSS OF SYMBIOTIC NFP PROTEINS

NFP proteins have been shown to play important roles in establishment of the arbuscular mycorrhizal (AM) symbiosis in the non-legume dicot plants Parasponia andersonni (Op den Camp et al., 2010) and Solanum lycopersicum (Buendia et al., 2016), and they control nodulation in model legume plants (Gough and Cullimore, 2011). There is a lot of evidence that NFP proteins first controlled the AM symbiosis that evolved approximately 400 MYA, and were subsequently recruited by legume plants so that bacteria could activate symbiotic signalling pathways that were adapted to allow nodulation (Geurts et al., 2016), which appeared approximately 65 MYA. The presence of a pseudo-kinase in a LysM-RLK (LYR-type) involved in both symbioses suggests signal transduction occurs via protein/protein interactions. At least in the model legumes M. truncatula and L. japonicus, it is likely that heterodimerisation of NFP/NFR5 proteins with the kinase-active LYK3/NFR1 LysM-RLK forms a receptor complex (Madsen et al., 2011; Pietraszewska-Bogiel et al., 2013; Moling et al., 2014).

Legume NFP proteins are essential for the perception of rhizobial Nod factors, which are lipo-chitooligosaccharide (LCO) signal molecules, consisting of an N-acetyl glucosamine backbone and an acyl chain. In acquiring the ability to synthesise LCOs, rhizobial bacteria mimicked the production of LCOs, the so-called Myc-LCOs, produced by AM fungi (Maillet et al., 2011). LysM domains of bacterial proteins recognise peptidoglycan that contains a backbone alternating N-acetyl glucosamine and N-acetyl muramic acid. Appropriate changes to the module of three LysM domains that enabled recognition of an LCO molecule must therefore have been selected during evolution, and, for the rhizobium-legume (RL) symbiosis, there were presumably further selections for recognition of Nod factor decorations that are important in host specificity. Studies have identified critical residues in LysM2 of both MtNFP and LjNFR5. For MtNFP, this residue (L154) is different in orthologues of closely-related legume species nodulated by rhizobia producing different Nod factor structures (Bensmihen et al., 2011). Using complementation tests, the switch to L154 in the Pisum sativum NFP ortholog enabled M. truncatula mutant plants to be nodulated (Bensmihen et al., 2011). In LjNFR5, the L118 residue might define specificity towards decorations present on the non-reducing end of Nod factors (Radutoiu et al., 2007), and Nod factor binding to an individual LysM2 of LjNFR5 was reported (Sorensen et al., 2014). The sequence logos we generated with LysM domains of NFP proteins show that these two LysM2 residues implicated in the biological function of NFP proteins are both variable, compatible with direct or indirect roles in specific ligand recognition (Figure 1C). Using a sliding window approach in L. japonicus, some evidence was also provided for positive selection in LjNFR5 LysM2 (Lohmann et al., 2010). No significant signatures of selection were found in a study of nucleotide diversity of NFP in 30 genotypes of M. truncatula (De Mita et al., 2007).

During legume evolution, NFP became indispensable for the RL symbiosis, but not for the AM symbiosis, at least in model legumes (Ben Amor et al., 2003; Madsen et al., 2003). This suggests differences in activation of AM signalling in legume and non-legume plants. In addition, AM signalling activation might be different in monocots, despite the AM symbiosis appearing well before the monocot-dicot split, since there is no observable AM phenotype for Osnfr5 knock-out mutants. However, these mutants show reduced symbiotic gene expression, and a chimeric receptor consisting of the extracellular domain of LjNFR5 and the intracellular domain of OsNFR5 complements an Ljnfr5 mutant for rhizobial symbiosis, indicating some conservation of function (Miyata et al., 2016).

NFP and LYR3 are in different clades of the M. truncatula LysM-RLK family (Bono et al., 2018). Nevertheless, NFP genes are often in tandem with a LYR3 gene, suggesting an ancient common evolutionary history, and a possible symbiotic role of the ancestral gene. This idea is reinforced by the finding that LYR3 proteins from M. truncatula, L. japonicus (LYS12), P. sativum, Glycine max, and Phaseolus vulgaris are high affinity LCO binding proteins (Fliegmann et al., 2013; Malkov et al., 2016). Furthermore, Malkov et al. (2016) identified residues that are good candidates to be involved in a high affinity LCO binding site in LysM3, including a tyrosine residue, and their data suggest that loss of one or more of these residues in the non AM species Lupinus angustifolius, has led to loss of LCO binding. In our sequence logo analysis on LysM domains of LYR3 proteins (Figure 1C), this tyrosine residue is relatively well conserved across LYR3 proteins in plants, suggesting conservation of ligand binding properties. Although MtLYR3 can bind both Nod factors and Myc-LCOs, this protein is not indispensable for either symbiosis, but the LCO binding properties and reported interaction between MtLYR3 and MtLYK3 (Fliegmann et al., 2016) are suggestive of a symbiotic-related function.

To get further insights into the evolutionary histories of NFP and LYR3 proteins, we constructed phylogenetic trees with approximately 60 protein sequences each of NFP and LYR3 orthologues from 64 Angiosperm species (Supplementary Table S1 and Supplementary Data Sheet S1). In the Fabaceae family, traces of the whole genome duplication event, dated at approximately 60 MYA (Cannon et al., 2015), can be seen (Figure 2). In some species the second copy of NFP (called LYR1 in M. truncatula) has been maintained (Figure 2A), while in other species, there is a second copy of LYR3 (called LYR3-2 in Lupinus angustifolius) (Figure 2B). No symbiotic role has been shown for any of these second copies, and divergence from consensus sequences could suggest a process of pseudogenisation. The presence of two copies each of NFP and LYR3 in Populus species could be due to the Salicoid genome duplication ancestral to speciation in this family, approximately 58 MYA (Harikrishnan et al., 2015). Other more recent events of genome duplication or hybridisation, have led to polyploidy in G. max and Triticum aestivum, respectively, and consequent additional copies of NFP and LYR3. Other examples of duplications include the two significantly different copies of NFP in both Cucumis sativus and Cucumis melo, and the three divergent copies of LYR3 encoded in tandem in Beta vulgaris.
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FIGURE 2. Phylogenetic trees generated from approximately 60 Angiosperm sequences of (A) NFP proteins or (B) LYR3 proteins (Supplementary Table S1 and Supplementary Data Sheet S1). The sequences were aligned by Mafft (v7.271) (Katoh et al., 2002) with the following parameters: –maxiterate 1000 –retree 1 –genafpair. Sites with more than 50% of gaps were pruned from the alignments. The phylogenetic trees were computed with IQ-Tree (Nguyen et al., 2015) with the following parameters: -nt AUTO -bb 1000 -alrt 1000. The trees and metadata were visualised with Itol (Letunic and Bork, 2007). Branches with alrt support values (Anisimova and Gascuel, 2006) less than 0.75 were collapsed. Support values are displayed on the internal branches. The Amborella trichopoda LYR3 sequence was considered as an outgroup for the NFP tree, and the Amborella trichopoda LYR3 sequence was considered as an outgroup for the LYR3 tree. These proteins were chosen as outgroups as Amborella trichopoda is a basal Angiosperm species. An interactive view for the NFP tree is available at this url: http://itol.embl.de/tree/14799102217475161526387035. An interactive view for the LYR3 tree is available at this url: http://itol.embl.de/tree/14799102217474321526387017



A particularly interesting example of NFP duplication is in Rosales plants, where the NFP2 gene was recently identified in three Parasponia species, and with high sequence divergence compared to the NFP1 gene in these plants (van Velzen et al., 2018). Importantly, Van Velzen et al. found that NFP2 is absent in closely related non-nodulating Trema species (and also in other non-nodulating Rosaceae spp. like Prunus persica, Fragaria vesca and Malus domesticus), and that legume NFP proteins correspond to Parasponia NFP2. These data strongly suggest an importance of NFP2 for the ability of Parasponia, but not closely related plants, to nodulate. Furthermore, the absence of NFP2, as well as other key symbiotic genes, in Trema species, led van Velzen et al. (2018) to challenge the long-standing hypothesis on the evolution of nitrogen-fixing symbioses, pointing towards massive loss of nodulation rather than many events of parallel acquisition following a single hypothetical predisposition event in the common ancestor of the nitrogen-fixing clade.

It is also noteworthy that LYR3 was probably duplicated in a common ancestor of extant Rosales plant species, and two, divergent copies (LYK6 and LYK8) have been retained in both Parasponia and Trema species but not in other closely related species (van Velzen et al., 2018). Of these two proteins, LYK6 is more divergent between Parasponia and Trema species, suggesting different selection pressures on LYK6, but not LYK8, between these nodulating and non-nodulating plants. Taken together, ancestral events of gene duplication of NFP and LYR3 have usually been followed either by loss of one copy or by strong divergence of the two copies. In the case of preferential retention of both copies, which could have led to neofunctionalisation, NFP1 and NFP2 in Parasponia species are excellent candidates for such a scenario.

Consistent with the symbiotic roles of NFP proteins, plant species such as Arabidopsis thaliana that have lost the ability to establish the AM symbiosis, have lost NFP (Delaux et al., 2014). Exceptions to this rule are non-mycorrhizal lupin species, which have retained NFP to control the RL symbiosis. Thus in most Brassicales species, only LYR3 is present. However, in Carica papaya, which is a mycorrhizal species, LYR3 is absent, but NFP was found as reported before (Delaux et al., 2014). Also, only NFP was clearly found in Poaceae species such as rice, maize, and sorghum, but we found NFP and LYR3 in the monocots Musa acuminata and Ananas comosus, and in Amborella trichopoda, which is basal to both monocots and dicots.

Considering the trees of NFP and LYR3 proteins, each one has two clades in which sequences are phylogenetically close to each other and that are significantly phylogenetically distant from the other sequences in the tree. For NFP, these two clades correspond to Fabaceae and monocot proteins (Figure 2A), and for LYR3, they correspond to Fabaceae and Brassicales proteins (Figure 2B). This suggests that these groups of proteins have undergone significantly different evolutionary events, leading to specific and well conserved functions or properties. Nodulation is a likely explanation for the Fabaceae NFP proteins, while this divergence of Brassicales LYR3 proteins is correlated with absence of the AM symbiosis. Therefore, it is possible that the loss of the AM symbiosis was the driving force for a change of function for LYR3 in these plants. Since the A. thaliana LYR3 protein (called AtLYK4) controls chitin oligomer (CO) perception for immunity (Wan et al., 2012), a significant change to Brassicales LYR3 proteins could have been in terms of the ligand binding site predicted on LysM2 (Tanaka et al., 2013). The lack of LCO binding to LYR3 proteins from lupin species (Malkov et al., 2016) could also have evolved following loss of the AM symbiosis in these plants. LYR3 proteins of other non-AM species (Dianthus caryophyllus, Beta vulgaris, Amaranthus hypochondriacus and Nelumbo nucifera) do not group with the Brassicales LYR3 proteins, probably because of multiple, independent losses of the AM symbiosis in higher plants.



THE EVOLUTION OF KINASE-ACTIVE LysM-RLKs WITH SYMBIOTIC ROLES

LysM-RLK proteins with an active kinase domain also control symbiosis in legume and non-legume plants. OsCERK1 in Oryza sativa controls the AM symbiosis (Miyata et al., 2014; Zhang et al., 2015). OsCERK1 has a common ancestor with MtLYK3 and LjNFR1 that control nodulation in M. truncatula and L. japonicus, respectively (Gough and Cullimore, 2011). Phylogeny studies suggest that the common ancestor of MtLYK3 and LjNFR1 became neofunctionalised relatively recently following two rounds of legume-specific tandem duplications (De Mita et al., 2014). There is evidence of positive selection pressure for 3 amino acid residues in LysM1 of LYK3 (De Mita et al., 2014), compatible with data showing that MtLYK3 intervenes in controlling host range specificity (Limpens et al., 2003; Smit et al., 2007), and suggesting a role of LysM1 in Nod factor recognition. Similarly, Sulima et al. found evidence for strong selection pressure on LysM1 of MtLYK3, and also on LysM2 of a paralogous protein, MtLYK2 (Sulima et al., 2017). In P. sativum, evidence was found that PsLykX, which is encoded in a region syntenic to MtLYK2 and MtLYK3, is under positive selection in the extracellular region, mainly LysM1 again, compatible with a role in Nod factor recognition. This is reinforced by the higher allelic variation in PsLykX compared to highly homologous proteins, and one haplotype of PsLykX corresponds to nodulation specificity for a certain Nod factor structure (Sulima et al., 2017).

Chimeric protein studies indicate that the kinase “YAQ” sequence in LjNFR1 is important for activation of downstream symbiotic signalling leading to nodulation (Nakagawa et al., 2011). Phylogenetic studies suggest that the YAQ motif has an ancestral origin, predating the origin of nodulation (De Mita et al., 2014). Consistent with this and probably extending the role of the YAQ motif to the AM symbiosis, a very similar motif (YAR) is present in OsCERK1. Furthermore, the kinase domain of OsCERK1 combined with the LysM domains of LjNFR1 in complementation tests, can trigger nodulation signalling (Miyata et al., 2014). In legumes, PsLykX and MtLYK4, which are the results of recent duplications in M. truncatula and pea, respectively (Limpens et al., 2003; Sulima et al., 2017), are “YAQ-less” proteins that might heterodimerise with “YAQ-type” LysM-RLKs. The YAQ motif was also lost in AtCERK1 (De Mita et al., 2014), and this is reminiscent of the loss of NFP proteins and the divergence in LYR3 proteins in Brassicales plants.

In addition to LCOs, plant LysM proteins can recognise peptidoglycan and chitin (Antolin-Llovera et al., 2014), and these or other structurally-related, secreted or surface constituents of microbial symbionts are candidate ligands for symbiotic LysM-RLKs. COs are proposed to be symbiotic AM fungal signals (Genre et al., 2013), and OsCERK1 is involved in the recognition of such molecules, although no binding to chitin or COs has been observed (Shimizu et al., 2010; Shinya et al., 2012). For the RL symbiosis, the YAQ-less “LYK-type” LysM-RLK LjEPR3 was reported to bind rhizobial exopolysaccharide and control nodulation (Kawaharada et al., 2015). Interestingly, although there are candidate LjEPR3 orthologs in many plants, Parasponia spp. are notable exceptions (van Velzen et al., 2018), indicating that this protein is not indispensable for symbiosis.



SYMBIOTIC LysM-RLKs CAN ALSO CONTROL IMMUNITY

Relationships between symbiosis and plant immunity are becoming more documented (Rey and Jacquet, 2018), and interestingly, both MtNFP and OsCERK1 have dual roles in symbiosis and immunity (Ben et al., 2013; Rey et al., 2013, 2015; Miyata et al., 2014; Zhang et al., 2015). In the case of OsCERK1 this is likely linked to CO perception (Carotenuto et al., 2017), and in legume plants LjLYS6/MtLYK9/PsLYK9 is a good candidate to have analogous roles to OsCERK1 (De Mita et al., 2014; Bozsoki et al., 2017; Leppyanen et al., 2018; our unpublished data). For MtNFP, one hypothesis is that it evolved to interact with both symbiotic and immune-related receptor proteins (Gough and Jacquet, 2013). Recently, LjLYS12 was reported to intervene in plant immunity (Fuechtbauer et al., 2018), suggesting that this LYR3 protein can also have a dual role in symbiosis and immunity.

More generally, people have asked whether the roles of LysM-RLKs in plant immunity diverged from symbiotic perception mechanisms or vice versa (Liang et al., 2014). Given that certain immune-type responses might be co-opted to facilitate symbiosis establishment (Limpens et al., 2015), then ancestral proteins could have had dual symbiotic and immune roles such that Brassicales LysM-RLKs have become subfunctionalised in immunity, while other proteins could have become subfunctionalised for symbiosis or retained the dual role. Indeed, the sequence divergence and biological roles of AtCERK1 and AtLYK4, can be interpreted as examples of subfunctionalisation in immunity.



FUTURE CHALLENGES

Other symbiotic plant-fungal interactions include ectomycorrhiza (ECM), orchid mycorrhiza, ericoid mycorrhiza, and fine root endophytes have recently been described (Orchard et al., 2017). There are also other nitrogen-fixing symbioses, between Frankia bacteria and actinorhizal plants, and between certain legume plants and rhizobia that cannot produce Nod factors. Future studies should determine whether LysM-RLKs play roles in these diverse types of symbiosis. By analogy with the quenching role of the LysM protein Ecp6 of the fungal tomato pathogen Cladosporium fulvum (de Jonge et al., 2010) future investigations should also address whether any rhizobial or AM fungal LysM proteins have evolved symbiotic roles (Zeng et al., 2018). Evolutionary and structural studies are also needed to help decipher ligand binding properties of symbiotic LysM-RLKs, and more knowledge is needed on evolutionary events that have led to protein regulation, both quantitatively and at subcellular and tissue-specific levels.



SEQUENCE FILES

Glossary of LysM-RLK proteins discussed in the text:

MtNFP: Medicago truncatula Nod Factor Perception, controls all Nod factor responses and nodulation, as well as plant immunity

LjNFR5: the Lotus japonicus ortholog of MtNFP

SlLYK10: the Solanum lycopersicum ortholog of MtNFP, controls the AM symbiosis

OsNFR5: the Oryza sativa ortholog of MtNFP

MtLYR3: Medicago truncatula high affinity LCO binding protein with unknown biological function

LjLYS12: the Lotus japonicus ortholog of MtLYR3

AtLYK4: the Arabidopsis thaliana ortholog of MtLYR3, controls immunity

MtLYK3: Medicago truncatula LysM receptor-like kinase3, controls rhizobial infection and nodulation

LjNFR1: the Lotus japonicus ortholog of MtLYK3

PslykX: a Pisum sativum LysM-RLK potentially involved in nodulation specificity for Nod factor structure

AtCERK1: Arabidopsis thaliana Chitin Elicitor Receptor Kinase1, controls plant immunity

OsCERK1: the Oryza sativa ortholog of AtCERK1, controls the AM symbiosis and plant immunity
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FIGURE S1 | Sequence logos generated using WebLogo software (Schneider and Stephens, 1990; Crooks et al., 2004), and approximately 60 Angiosperm protein sequences of NFP for each individual LysM domain of NFP proteins.

FIGURE S2 | Sequence logos generated using WebLogo software (Schneider and Stephens, 1990; Crooks et al., 2004), and approximately 60 Angiosperm protein sequences of LYR3 for each individual LysM domain of LYR3 proteins.

TABLE S1 | Lists of NFP and LYR3 sequences used in Figures 1, 2 and Supplementary Figures S1, S2.

DATA SHEET S1 | Protein sequences, whole protein, LysM and kinase domain alignments, and tree files.
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Plants interact with diverse microbes including those that result in nutrient-acquiring symbioses. In order to balance the energy cost with the benefit gained, plants employ a systemic negative feedback loop to control the formation of these symbioses. This is particularly well-understood in nodulation, the symbiosis between legumes and nitrogen-fixing rhizobia, and is known as autoregulation of nodulation (AON). However, much less is understood about the autoregulation of the ancient arbuscular mycorrhizal symbioses that form between Glomeromycota fungi and the majority of land plants. Elegant physiological studies in legumes have indicated there is at least some overlap in the genes and signals that regulate these two symbioses but there are major gaps in our understanding. In this paper we examine the hypothesis that the autoregulation of mycorrhizae (AOM) pathway shares some elements with AON but that there are also some important differences. By reviewing the current knowledge of the AON pathway, we have identified important directions for future AOM studies. We also provide the first genetic evidence that CLV2 (an important element of the AON pathway) influences mycorrhizal development in a non-legume, tomato and review the interaction of the autoregulation pathway with plant hormones and nutrient status. Finally, we discuss whether autoregulation may play a role in the relationships plants form with other microbes.
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INTRODUCTION

Mycorrhizal symbioses between plants and fungi are widespread and ancient, with evidence from fossils and extant basal plants indicating that such interactions evolved during the colonization of land by plants between 450 and 475 mya (Field et al., 2015; Martin et al., 2017). The mycorrhizal fungi invade and extend the host plant’s root system, enabling enhanced nutrient uptake in exchange for fixed carbon. The most widespread are the arbuscular mycorrhizal (AM) associations that are characterized by the presence of a unique nutrient exchange unit, the fungal arbuscule. A significant amount of plant-derived carbon is invested, with estimates of between 4 and 20% of the carbon fixed by the plant transferred to the AM fungi (Bago et al., 2000; Douds et al., 2000). To prevent the energy cost to the plant outweighing the benefits of the interaction, plants might be expected to regulate AM colonization. Indeed, elegant physiological studies in flowering plants have revealed powerful systemic regulation of AM colonization. In split root studies, pre-colonization of one side of the root system can suppress subsequent colonization of the other side of the root system, providing evidence for a root–shoot feedback system termed autoregulation of mycorrhiza (AOM) (Vierheilig et al., 2000a, 2008; Meixner et al., 2005). Although there is no direct evidence that such control mechanisms also occur in more basal plant lineages, it is fair to assume that autoregulation would be an important element in the evolution of mutually beneficial plant–mycorrhizal interactions to prevent a potentially parasitic relationship developing.

Significant progress has been made in the past few decades in our understanding of the plant genes and signals that regulate AM symbioses, assisted greatly by the cross-over with the more recently evolved nodulation symbioses that occur between nitrogen-fixing rhizobial bacteria and (almost exclusively) legumes. In particular, the identification of a common symbiotic signaling pathway, required for the formation of both nodules and AM, has revealed that elements of the ancient AM pathway were co-opted into the more recently evolved nodulation pathway (Delaux et al., 2013; Martin et al., 2017). In particular, the common symbiotic pathway includes genes essential for initial communication between the plant host and rhizobia or AM fungi. However, a missing element in these comparisons has been the autoregulation of nodulation (AON) pathway. Like AM, nodulation is under powerful systemic control and the identity of AON signals and transduction pathways are now becoming clear (for review see Reid et al., 2011b; Soyano and Kawaguchi, 2014). Studies in legumes suggest some key cross-overs in the autoregulation pathways, as plant mutants disrupted in the AON pathway display not only hypernodulation but also hypermycorrhizal colonization (Morandi et al., 2000; Shrihari et al., 2000) and split root studies indicate nodulation can systemically suppress AM and vice versa (Catford et al., 2003). In this article, we examine our current understanding of AOM and begin to extend this beyond legumes by providing evidence of a role for the key AON gene in legumes, CLAVATA2 (CLV2), in the AOM pathway of tomato. We also consider the role of plant hormones in autoregulation and examine the potential for the autoregulation of other beneficial plant–microbe interactions.



GENES AND SIGNALS OF THE AUTOREGULATION PATHWAY(S)

The systemic regulation of AM colonization in split root studies has been observed in both legumes and non-legumes (Vierheilig et al., 2000a; Meixner et al., 2007). This negative regulation appears to require a certain threshold of the amount of root colonized by AM (Vierheilig, 2004). AOM does not appear to be due simply to the strength of the carbon sink (Vierheilig et al., 2000b, 2008), but is rather regulated by a more specific pathway. Nodulation can systemically suppress AM and vice versa and even the application of Nod factors, the rhizobial-derived signaling molecules, can suppress AM (Catford et al., 2003), suggesting a clear overlap between the AON and AOM pathways. Similar conclusions were drawn from studies using a dual inoculation system in which both rhizobia and AM fungi were applied to the one root system (Sakamoto et al., 2013). This has also been explored in the non-legume barley, where it was found that inoculation with Rhizobium sp. could systemically inhibit AM formation. However, this inhibitory effect did not rely on Nod-factor production but was linked instead to the type 3 effector proteins of this rhizobial strain (Khaosaad et al., 2010).

A member of the Leucine-rich repeat (LRR) receptor kinase family that shares similarities with the CLAVATA1 (CLV1) protein (outlined below) has a central role in the AON in legumes (Figure 1). This CLV1-like gene is known as NODULE AUTOREGULATION RECEPTOR KINASE (NARK) in soybean, HYPERNODULATION ABERRANT ROOT FORMATION 1 (HAR1) in Lotus japonicus, SUPER NUMERIC NODULES (SUNN) in Medicago truncatula and SYM29 in pea, and mutations in these genes result in hypernodulation (reviewed by Reid et al., 2011b). The CLV1-like protein appears to function as a shoot receptor for root-derived CLAVATA/ESR-related (CLE) peptides. In the root, events associated with nodulation generate specific rhizobial induced CLE peptides (Rh-CLE Figure 1) which in some cases appear to be arabinosylated via action of the enzyme ROOT DETERMINED NODULATION1 (RDN1) (e.g., MtCLE12, GmRIC1a, and GmRIC1b) (Schnabel et al., 2011; Okamoto et al., 2013; Kassaw et al., 2017; Hastwell et al., 2018; Imin et al., 2018). The CLE peptides are then translocated to the shoot where they are perceived by a receptor complex that includes the CLV1-like protein (e.g., Okamoto et al., 2013). The perception of the root-derived signal(s) in the plant shoot generates a shoot to root signal that inhibits further nodulation. The shoot to root inhibitor is predicted to be a small molecular weight heat-stable molecule (Lin et al., 2010) that has been suggested to be cytokinin (Sasaki et al., 2014). Other elements of the AON pathway include the shoot acting CLV2 (Krusell et al., 2011), CORYNE (CRN) (Crook et al., 2016), and KLAVIER (KLV) (Miyazawa et al., 2010), all three of which encode LRR receptors that may also play a role in CLE perception, and TOO MUCH LOVE (TML), a root-acting F-Box protein that appears to act downstream of the shoot to root signal (Takahara et al., 2013).


[image: image]

FIGURE 1. Proteins and signals that act in the shoot and/or root to autoregulate nodulation and mycorrhizal symbioses. Flat-ended lines indicate a negative influence, while arrows indicate a positive influence. Question marks and dotted lines indicate untested elements. CK, cytokinin; N, nitrogen; P, phosphorous; Rh, rhizobial; Myc, mycorrhizal; arb, arabinosylated.



In addition to its role in nodulation, the CLV1-like protein is also essential in the AOM pathway since clv1-like mutants across legume species (sym29, sunn, nark, and har1) also display hypermycorrhizal colonization (Morandi et al., 2000; Solaiman et al., 2000; Sakamoto and Nohara, 2009). It is important to note that the relatively small increase in AM in these mutant plants compared to wild type (WT) (between 20 and 50%) contrasts with the large (many fold) increase in nodule numbers of these lines compared with WT lines. Some have speculated that this relatively small increase may be due to the ability of the AM fungus to spread laterally in the root, meaning it is sometimes difficult to distinguish the effect of clv1-like mutations on subsequent AM infection (Schaarschmidt et al., 2013). One interpretation is that the AOM pathway may inhibit new AM infections at the epidermis but may not limit the spread of AM between cortical cells, although this has not been tested empirically. Such a hypothesis is consistent with the activation of AON during early stages of rhizobial infection (Li et al., 2009). Another way to examine the role of CLV1-like genes in AOM has been through the use of split root studies with mutant plants, which have shown that the CLV1-like gene in soybean (NARK) influences the suppression of subsequent mycorrhizal colonization (Meixner et al., 2005, 2007; Schaarschmidt et al., 2013). A role for NARK in the shoot control of AM was also observed in reciprocal grafts between the soybean nark mutant En6500 and WT plants (Sakamoto and Nohara, 2009) but not in a split root system with the same En6500 mutant (Meixner et al., 2007). Studies of orthologous mutants in other legumes species (e.g., har1, sym29) may be useful to clarify this inconsistency.

Apart from the requirement for the CLV1-like protein in AOM it is not yet clear if other AON genes encoding proteins that act in the root (RDN1, TML), shoot (CLV2, KLV, CRN) or as mobile signals (CLE) are also employed by the AOM pathway (Figure 1). One study examining the effect of a pea clv2 mutant (sym28) found only a small but not significant increase in AM colonization compared with WT, although grafting and split root studies that would reveal if CLV2 plays a role in the systemic regulation of AM were not attempted (Morandi et al., 2000). This and other mutants disrupted in root and shoot acting elements of the AON pathway outlined above are available in a range of legumes, but to date their AM phenotypes and possible role in systemic AOM regulation has not been examined. Recent work in the legume Lotus japonicas indicated that mycorrhizal colonization and phosphate starvation generates CLE peptides distinct from those induced by nodulation or nitrogen (Funayama-Noguchi et al., 2011; Handa et al., 2015), but the function of these CLE peptides has yet to be tested. In an attempt to understand downstream elements of the AOM pathway, Schaarschmidt et al. (2013) analyzed the soybean transcriptome in split root mycorrhizal studies using WT and nark lines. Two putative CCAAT-binding transcription factor genes were identified, GmNF-YA1a and GmNF-YA1b, that are down-regulated by AM in a NARK-dependent manner. Hairy root RNAi lines with reduced expression of GmNF-YA1a/b displayed reduced AM colonization and this occurred in both WT and nark backgrounds, consistent with GmNF-YA1a/b acting downstream of NARK to suppress AM.

The evolutionary origin of the AON/AOM genes is still emerging but is informed by the CLAVATA-WUSCHEL (CLV-WUS) shoot meristem pathway. This pathway is best understood in Arabidopsis and involves several LRR receptors that act locally in the shoot, including CLV1, CLV2 and CRN, to perceive a CLE peptide, CLV3, which in turn activates a feedback loop to maintain a defined stem cell population in the shoot apical meristem (Hazak and Hardtke, 2016). Arabidopsis lines disrupted in these genes displayed altered shoot meristem formation. In pea and Lotus japonicas, mutant studies have revealed CLV2 plays a dual role, acting in both shoot development and AON, as clv2 mutants display hypernodulation and shoot fasciation (Krusell et al., 2011). In contrast, there appear to be specific CLE genes that act in the AON pathway (Mortier et al., 2010). Similarly, disruption of CLV1-like genes closely related to CLV1 in pea, Lotus, Medicago and soybean (SYM29, HAR1, SUNN, and NARK, respectively) result in hypernodulation but not shoot fasciation (reviewed by Reid et al., 2011b). A possible explanation in soybean for divergence between NARK and CLV1, is that CLV1 appears to have undergone a duplication, resulting in NARK and CLV1A (Yamamoto et al., 2000) but this does not appear to be the case in the other legumes examined (see Schnabel et al., 2005). CLV1A is more closely related to AtCLV1 and recent studies have shown it influences shoot architecture but not nodulation (Mirzaei et al., 2017). Although many phylogenetic studies have examined the CLV1, CLV2 and CLE gene families, these studies have been almost exclusively limited to angiosperms (e.g., Sun and Wang, 2011; Zan et al., 2013; Wei et al., 2015; Xu et al., 2015; Hastwell et al., 2017), preventing a more comprehensive understanding of the evolutionary history and possible functional diversification of these genes. One recent transcriptomic study failed to find evidence for the CLAVATA-WUSCHEL (CLV-WUS) pathway in the moss Physcomitrella and liverwort Marchantia (Frank and Scanlon, 2015). However, a more comprehensive examination of these gene families in basal plant lineages and in mycorrhizal vs. non-mycorrhizal species (see approach of Favre et al., 2014; Delaux et al., 2015) might provide an insight into their possible role in the AM program.



ROLE OF CLV2 IN AOM OF THE NON-LEGUME TOMATO

To fully understand the genes, signals and evolutionary history of AOM, we must go beyond legumes. Indeed, a non-legume system removes the possible complication of cross-talk between the AON and AOM pathways to allow us to identify AOM components. Therefore, we employed the tomato clv2-2 line, a CRISPR-Cas9 knock out line that targets the CLV2 gene (Xu et al., 2015). As outlined above, this gene is essential for AON in legumes and also acts to control shoot apical meristem formation in legumes (Krusell et al., 2011) and non-legumes, including clv2 tomato lines that display a weakly fasciated shoot and an increase in the number of floral organs (Xu et al., 2015).

We tested if the CLV2 gene plays a role in AM development by examining the AM phenotype of the tomato clv2-2 line. Compared with WT, clv2 plants displayed a significant increase in AM colonization, including arbuscule frequency, compared with WT plants (Figure 2A). Although more frequent, the mycorrhizal structures observed in clv2 mutants including arbuscules were similar in appearance to WT (Figure 2B). Therefore, we provide the first evidence that CLV2 in tomato, known to be important for AON in legumes, also acts as a negative regulator of AM. This provides the first genetic evidence for the AOM pathway in non-legumes.
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FIGURE 2. Mycorrhizal colonization in tomato wild type (WT, M82) and clv2-2 lines. (A) Percentage of the root colonized by all fungal structures and arbuscules. n = 12, values are means + SE t-tests were performed for each parameter, ∗P < 0.05, ∗∗P < 0.01. (B) Photograph of a typical length of colonized root (scale bar = 100 μm) after staining fungal structures (blue). Tomato seeds were germinated in potting mix for 2 weeks and 12 equal sized seedlings of each genotype were selected and transplanted to 2 L pots. The pots were premixed with vermiculite and gravel (1:1) plus mycorrhizal inoculum (1/5 volume of corn roots colonized with Rhizophagus irregularis and associated potting medium) and topped with vermiculite. The seedlings were grown in a glasshouse with the following condition: 18 h photoperiod, 25°C day/20°C night. Plants were nutriented three times a week with modified Long Ashton solution (5 mM N and 0.5 mM P) (Hewitt, 1966). Plants were harvested 6 weeks after transplanting. The root was cut into 1 to 1.5 cm segments and stained using the ink and vinegar method (Vierheilig et al., 1998). 25 root segments were selected per plant and mycorrhizal colonization scored using the intersect scoring method (McGonigle et al., 1990). Blind labeling was used to avoid any potential bias during the scoring process.





ROLE OF PLANT HORMONES IN AOM

Autoregulation of mycorrhizae and AON are regulated by systemic signals and in addition to mobile CLE peptides, a range of studies have examined the role of plant hormones in AON and in some cases AOM. Double mutant studies in pea indicate gibberellins, brassinosteroids, and strigolactones are not required for the supernodulation phenotype and thus do not appear to act downstream of AON elements, CLV1-like, CLV2 or RDN1 (Ferguson et al., 2011; Foo et al., 2014b). In contrast, transcriptional studies showed that either jasmonic acid (JA) biosynthesis genes or JA regulated genes were systemically regulated by rhizobial colonization, and this was mediated by GmNARK in soybean. These results suggest the AON pathway influences JA signaling (Kinkema and Gresshoff, 2008). Several studies have also examined a role for auxin in autoregulation. In split root studies in soybean, significant auxin accumulation was observed in AM colonized roots but not uncolonized roots. However, this increase was not as great in the roots of a nark mutant (Meixner et al., 2005). This contrasts with nodulation studies with the orthologous mutant in Medicago, sunn, that suggest SUNN may be required to suppress auxin accumulation in the root following rhizobial challenge (van Noorden et al., 2006). In WT Medicago, challenge with rhizobia leads to the downregulation of auxin transport from the shoot to the root. In contrast, sunn mutants displayed elevated auxin levels in the infection zone of the root following inoculation with rhizobia. These studies suggest the AON pathway may modulate shoot to root auxin transport but this has yet to be investigated directly in AOM.

Cytokinin is an interesting case as it has been suggested to be a candidate for the shoot-derived inhibitor in AON, based on several lines of evidence from plants with altered cytokinin or CLE peptide biosynthesis, and measurement of cytokinin levels and transport (Sasaki et al., 2014). However, a key finding of this paper, that the LORE ipt3-2 mutant allele, which is disrupted in a key cytokinin biosynthesis gene, has increased nodulation could not be repeated in an independent study (Reid et al., 2017). In addition, another study indicated cytokinin may promote nodulation via the AON pathway. In Medicago, application of cytokinin directly to roots could induce the expression of the MtCLE13 gene (Mortier et al., 2012) believed to encode the root to shoot AON signal. Given the ability for nodulation to suppress AM and vice versa outlined above, it is likely that the shoot-derived inhibitor is a common signal between the AON and AOM pathways. Studies with grafts between legume species certainly suggest that the shoot-derived inhibitor of nodulation is conserved across species (e.g., Lohar and VandenBosch, 2005; Ferguson et al., 2014; Foo et al., 2014a). However, unlike its clear role in nodulation there is less evidence to suggest cytokinin has an influence on AM. For example, the cytokinin receptor mutant in M. truncatula, cre1, did not display any alteration in AM development (Laffont et al., 2015). However, pharmacological studies suggest that cytokinin may promote AM development in pea (F. Guinel, personal communication). Clearly, questions remain around the role of CK in AON, in particular as the shoot-derived inhibitor, and studies directly testing its endogenous role in AOM are required.



DO NUTRIENT STATUS AND OTHER BENEFICIAL PLANT–MICROBE SYMBIOSES INTERACT WITH THE AUTOREGULATION PATHWAY(S)?

Forming symbioses with rhizobial or AM partners may only be beneficial to the plant under conditions of low mineral nutrient availability. In particular, legumes severely reduce nodulation when roots are exposed to elevated nitrogen levels and there are important roles for elements of the AON pathway in this nitrate-response (see Reid et al., 2011b). For example, the clv1-like mutants across legumes display a reduced ability to suppress nodulation in response to nitrate (Schnabel et al., 2005; Lim et al., 2011; Okamoto and Kawaguchi, 2015). This reduced response to nitrogen is also seen in klv and rdn1 mutants (e.g., Jacobsen and Feenstra, 1984; Oka-Kira et al., 2005). However, this has not been comprehensively examined for all AON mutants across species. In addition, nitrate treatment induces the expression of specific CLE peptides, which in some cases are the same as those that are induced by rhizobia (Okamoto et al., 2009; Reid et al., 2011a). Whether the AOM pathway plays any role in nitrogen-regulation of AM symbioses has not been explored and, unlike the clearly suppressive effects on nodulation, it is not even clear if nitrogen is a promoter or inhibitor of AM (Correa et al., 2015). In contrast, phosphate has a strong suppressive influence on AM and this influence is systemic and does not require strigolactones (Breuillin et al., 2010; Foo et al., 2013b). Although phosphate induces expression of specific CLE peptides (Funayama-Noguchi et al., 2011), there is no direct evidence that the AOM pathway mediates the phosphate response of AM. Indeed phosphate regulation of AM is maintained in soybean and pea mutants disrupted in the clv1-like mutants, nark and sym29 (Wyss et al., 1990; Foo et al., 2013a). However, phosphate positively regulates nodule number and studies in pea have found this is disrupted in the sym29 mutant (Foo et al., 2013a), suggesting a cross-over in the AON and phosphate response pathways. MicroRNAs of the 399 family have also been shown to play a role in the phosphate response and some were shown to be induced by phosphate-starvation in AM colonized Medicago (Branscheid et al., 2010). However, as overexpression of these miR399 genes in tobacco did not influence AM colonization, no clear role for these mobile microRNAs were established in the AM phosphate response (Branscheid et al., 2010).

In addition to nodulation and AM, plants form a range of other beneficial interactions with soil microbes. These include actinorhizal symbioses between members of the fabid clade and Frankia bacteria, ectomycorrhizal symbioses and interactions with fungal and bacterial endophytes. Systemic regulation of colonization has been demonstrated for actinorhizal associations (Wall and Huss-Danell, 1997), and for the interaction between Arabidopsis and the fungal enodphyte Piriformospora indica (Pedrotti et al., 2013). Indeed, it has been shown in some split root studies that plants infected with endophytes have a decreased level of AM colonization, although this was not found in all studies (Müller, 2003; Omacini et al., 2006; Mack and Rudgers, 2008). Phylogenetic studies have suggested that the common symbiotic pathway is conserved in AM, rhizobial and actinorhizal associations, although the role of these genes in ectomycorrhizae and endophyte relationships is not known (Martin et al., 2017). Arabidopsis is a particularly interesting case as it appears to have lost the majority of the common symbiotic pathway (Delaux et al., 2014), consistent with the lack of AM colonization and suggesting that this pathway is not important for hosting fungal endophtyes. However, as these studies did not include AON/AOM genes the evolutionary origin of these pathways and their potential role across species is still not clear.



CONCLUSION AND FUTURE PERSPECTIVES

The similarities between the AOM and AON pathways and their shared genetic components is consistent with the AON pathway evolving at least in part from a pre-existing AOM pathway in early land plants. However, a lack of phylogenetic, genetic and physiological studies in non-legumes, including basal land plants, has hampered our understanding of the origin and diversification of the autoregulation pathway. In this paper, we show that in the non-legume tomato, the CLV2 gene suppresses AM development, providing the first genetic evidence for an AOM gene in a non-legume. As found in legumes, this gene also plays a role in shoot apical meristem maintenance. However, the precise delineation in function of other AON/AOM elements such as the CLV1 and CLE genes in shoot apical meristem maintenance is still not clear. Furthermore, it is likely that multiple systemic pathways regulate symbioses (Kassaw et al., 2015). For example, novel peptides and accompanying perception pathways with roles in nodulation and root development are now emerging (e.g., CEP1 and CRA2, Mohd-Radzman et al., 2016). Future studies could more systematically examine the role of AON genes and peptide signals in AM development and take a phylogenetic approach to examine the evolutionary origin of symbiotic autoregulation.
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Arbuscular mycorrhiza (AM) is a widespread symbiotic relationship between plants and fungi (Glomeromycota), which improves the supply of water and nutrients to host plants. AM symbiosis is set in motion by fungal chitooligosaccharides and lipochitooligosaccharides, which are perceived by plant-specific LysM-type receptor kinases (LYK). In rice this involves OsCERK1, a LYK also essential for chitin triggered innate immunity. In contrast in legumes, the CERK1 homologous gene experienced duplication events resulting in subfunctionalization. However, it remains unknown whether this subfunctionalization is legume-specific, or has occurred also in other dicot plant species. We identified four CERK1 homologs in tomato (SlLYK1, SlLYK11, SlLYK12, and SlLYK13) and investigated their roles in chitin signaling and AM symbiosis. We found that knockdown of SlLYK12 in tomato significantly reduced AM colonization, whereas chitin-induced responses were unaffected. In contrast, knockdown of SlLYK1 resulted in reduced responses to chitin, but did not alter responses to AM fungi. Moreover, ectopic overexpression of SlLYK1 and SlLYK13 in Nicotiana benthamiana induced cell death, whereas SlLYK12 overexpression did not. Based on our results and comparison with rice OsCERK1, we hypothesize that OsCERK1 orthologs in tomato underwent gene duplication, leading to the subfunctionalization of immunity and symbiosis.

Keywords: innate immunity, chitin, chitin elicitor receptor kinase (CERK1), arbuscular mycorrhiza (AM) symbiosis, LysM receptor-like kinase (LYK), Solanum lycopersicum, SlLYK1, SlLYK12


INTRODUCTION

N-acetyl-D-glucosamine (GlcNAc)-containing molecules are important microbial signaling factors, and include chitin from pathogenic fungi, peptidoglycan from pathogenic bacteria, Nod factors from symbiotic rhizobia, and Myc factors from symbiotic arbuscular mycorrhizal (AM) fungi. These molecules mediate the initiation of either plant innate immune functions or symbiotic pathways (Liang et al., 2014; Zipfel and Oldroyd, 2017).

Chitin, a polymer of GlcNAc, is the major component of the fungal cell wall. When fungi infect plants, plants secrete chitinases to hydrolyze chitin, producing chitooligosaccharides among which those with degrees of polymerization (dp) between 6 and 8 elicit plant immune responses. Such immune responses include the elevation of cytosolic calcium, production of reactive oxygen species (ROS), induction of defense-related gene expression, callose deposition, and pathogen growth restriction (Boller and Felix, 2009; Dodds and Rathjen, 2010). In Arabidopsis thaliana, chitin is primarily recognized by LysM RECEPTOR KINASE5 (AtLYK5), which has an inactive kinase domain (Cao et al., 2014). After perception of chitin, AtLYK5 forms a heterotetramer complex with CHITIN ELICITOR RECEPTOR KINASE1 (AtCERK1), activating the AtCERK1 intracellular kinase domain and downstream immune responses (Cao et al., 2014; Zipfel and Oldroyd, 2017; Desaki et al., 2018). In rice, CHITIN ELICITOR-BINDING PROTEIN (OsCEBiP), which has no kinase domain, play the major role in chitin perception, and transduces signals via a similar mechanism of complex formation with OsCERK1(Shimizu et al., 2010; Hayafune et al., 2014). Recently, a Lotus japonicus ortholog of CERK1, LjCERK6, required for chitin responses was identified (Bozsoki et al., 2017). Thus, CERK1 kinase activity is a key factor in the induction of chitin-induced immune responses.

In contrast to chitin oligomers, acylated chitooligosaccharides (so called lipochitooligosaccharides, LCOs) can act as signaling molecules triggering symbiosis; for example, Nod factors from rhizobia. Nod-LCOs are also recognized by the LysM-containing receptors, called NFR1-NFR5 (NF RECEPTOR1 and 5) complex in L. japonicus, and LYK3-NFP (NF PERCEPTION) complex in Medicago truncatula (Ben Amor et al., 2003; Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003; Broghammer et al., 2012). Similar to the chitin recognition model in Arabidopsis, the kinase domain of NFR5/NFP is inactive, and the Nod-LCO signal is transduced via NFR1/LYK3 kinase activation (Kelly et al., 2017; Zipfel and Oldroyd, 2017; Desaki et al., 2018).

GlcNAc-containing molecules are also important signals (Myc factors) for AM symbiosis, a widespread symbiotic relationship occurring between fungi in the phylum Glomeromycota and 80% of terrestrial plant species under phosphorus- or nitrogen-limiting conditions (Schussler et al., 2001; Nouri et al., 2014). The AM symbiosis is characterized by the formation of arbuscule structures in the root cortex, the main site for nutrient exchange between the two symbiotic partners (Harrison, 2012). Myc factors are thought to be a mixture of short-chain chitin (dp = 3–5) and Myc-LCOs (Maillet et al., 2011; Genre et al., 2013). Perception of Myc factors activates the common symbiosis signaling pathway shared with Nod factor signaling in potential host plants, leading to the colonization of AM fungi in root epidermal cells (Oldroyd, 2013). Given the molecular similarities between Myc-LCO and Nod-LCO, as well as the shared common symbiosis signaling pathway, it has been proposed that Nod factor recognition may have evolved from Myc factor receptors (De Mita et al., 2014). Indeed, the ortholog of NFP/NFR5 in Parasponia andersonii, the only non-leguminous plant that can establish symbiosis with rhizobia, is required for both AM and rhizobial symbioses (Op den Camp et al., 2011). Similarly, knockdown of the ortholog of NFP/NFR5 in tomato (SlLYK10) affects AM colonization (Buendia et al., 2016), whereas the ortholog of NFP/NFR5 in rice is not required for AM symbiosis (Miyata et al., 2014). Interestingly, OsCERK1, the ortholog of NFR1/LYK3 in rice, is involved in both chitin and Myc factor signaling (Zhang et al., 2015; Miyata et al., 2016; Carotenuto et al., 2017). However, this dual function of CERK1 in AM symbiosis and chitin-triggered innate immunity is separated of two paralogous genes in legumes (Bozsoki et al., 2017). This raises the question whether such subfunctionalization upon gene duplication is specific for the legume family, or may have occurred also in non-related dicot species; e.g., tomato.

In this study, we identified the orthologs of the CERK1 subclade in tomato, and investigated their function by knocking down their expression. We found that knockdown of SlLYK12 significantly reduced AM colonization; however, the chitin responses of these plants were similar to those of controls. In contrast, knockdown of SlLYK1 resulted in reduced responses to chitin, but normal responses to AM fungi. In addition, we found that ectopic overexpression of SlLYK1 and SlLYK13 in Nicotiana benthamiana caused cell death; however, SlLYK12 overexpression did not. Taken together, these results suggest a hypothesis whereby an ancestor of CERK1 with dual function in both immunity and symbiosis gave rise to multiple molecules during evolution through gene duplication in tomato, among which SlLYK1 and SlLYK12 were sub-functionalized for a role in immunity and symbiosis, respectively.



MATERIALS AND METHODS

Plant Materials and Growth Conditions

Solanum lycopersicum L. cv Zheza 809 was used for all experiments. For virus-induced gene silencing (VIGS) experiments, seedlings were grown in a plant growth room at 22°C with a 16 h photoperiod. For Rhizophagus irregularis inoculation, plants were grown at 25°C with a 16 h photoperiod.

RNA Isolation and Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen, Waltham, MA, United States). RNA samples were treated with DNase I to eliminate potential contamination with genomic DNA. qRT-PCR was performed on an Applied Biosystems Plus Real-Time PCR System (ABI, Foster city, CA, United States) using a SYBR premix Ex Taq kit (Takara, Mountain View, CA, United States). Primers are listed in Supplementary Table 1.

Gene Cloning and Plasmid Construction

The primers used for gene cloning are listed in Supplementary Table 1. Full length coding sequences for ectopic overexpression and fragments for VIGS experiments were amplified from cDNA. The amplified sequences were cloned into the pDONR/Zeo plasmid by BP cloning (Invitrogen, Waltham, MA, United States). After verification by sequencing, resultant plasmids were used for LR cloning into the destination plasmids pTRV2 for VIGS and pMDC83 for overexpression in N. benthamiana. All plasmids were introduced into Agrobacterium tumefaciens strain GV3101 by electroporation.

Gene Silencing Assay Using Tobacco rattle virus (TRV)

Agrobacteria carrying pTRV2-GUS (β-GLUCURONIDASE, a negative control), pTRV2-NbPDS (PHYTOENE DESATURASE, a positive control for monitoring the progress of gene silencing), pTRV2-SlLYK1, 12, 13, and pTRV1 were cultivated in YEP medium (10 g/L yeast extract, 10 g/L peptone, 5 g/L NaCl, 50 μg/mL kanamycin, 50 μg/mL rifampicin, and 25 μg/mL gentamicin) for 36 h at 28°C. Cultures were passaged in fresh medium at a dilution of 1:100 and cultivated for a further 8 h. After adjusting the concentration to OD600 = 1.5, each pTRV2 construct was mixed with pTRV1 (1:1) in infiltration buffer (10 mM MgCl2, 10 mM MES, 150 μM acetosyringone, pH 5.7). The agrobacterial mix was infiltrated into the abaxial surface of 10-day-old tomato seedlings. Gene silencing efficiency and specificity were determined 4 weeks after agrobacterial infiltration. At least six individual seedlings were analyzed for each construct.

Mycorrhizal Inoculation

Rhizophagus irregularis was purchased from the Institute of Plant Nutrition and Resources, Beijing Academy of Agriculture and Forestry Sciences, and propagated using N. tabacum as the host in 4 L pots containing sand. Plants were watered with a solution without added phosphorous every week. Four months later, the sand containing R. irregularis was harvested and dried to obtain mycorrhizal inoculums. For mycorrhizal inoculation, after VIGS infiltration, each tomato plant was transferred to a 4 L pot containing sand including 4 g of sand-based mycorrhizal inoculums at the base of the roots.

Detection of Mycorrhizal Colonization

Roots were cleared with 10% (w/v) KOH for 1 h at 90°C, acidified with 2% HCl for 5 min, and then stained with trypan blue (0.5 mM). Mycorrhizal colonization was observed under a light microscope (Nikon, Tokyo, Japan). The rate of root colonization was quantified using the grid line intersect method at 3 and 6 weeks after mycorrhizal inoculation, and calculated as the ratio of intersects with hyphopodia, intracellular hyphae, arbuscules and vesicles over all root intersects (100 intersects per plant) × 100 (Vierheilig et al., 1998).

Reactive Oxygen Species (ROS) Assay

Leaf disks (diameter, 0.5 cm) were punched and incubated in water for at least 8 h. After addition of water containing 1.25 μM L-012 chemiluminescent probe (Wako Chemicals USA, Richmond, VA, United States), 20 μg/mL horseradish peroxidase, and 500 nM chitooctaose (IsoSep, Tullinge, Sweden), chemiluminescent signals were immediately recorded using a Photek camera (HRPCS5; Photek Ltd., East Sussex, United Kingdom) for 30 min.

Detection of Cell Death in N. benthamiana Leaves

Cell death in N. benthamiana leaves was detected by trypan blue staining. Excised leaves were vacuum-infiltrated with trypan blue solution (2.6 mM) for 30 min, and incubated for a further 8 h. Leaves were then destained in a solution containing ethanol and glycerol at a ratio of 9:1 at 65°C for 30 min.

Antibodies and Immunoblot Analysis

Immunoblot analysis was performed as previously described (Liao et al., 2017) using anti-phospho-p44/p42 MAP kinase antibody (Cell Signaling Technology, Danvers, MA, United States).

Bioinformatics Analysis

The amino acid sequences of LYK genes are listed in Supplementary Table 2. Multiple sequence alignments were performed using the ClustalX program (version 1.83) with default gap penalties. An approximately maximum-likelihood tree was constructed using the FastTree program with default parameters1.



RESULTS

SlLYK12 Is Required for AM Symbiosis

To identify orthologs of OsCERK1/AtCERK1 in tomato, we generated a phylogenetic tree using the full length amino acid sequences of S. lycopersicum LYKs. The results showed that four genes from S. lycopersicum, SlLYK1, SlLYK11, SlLYK12, and SlLYK13, were clustered into one clade with AtCERK1, similar to the tree constructed by Buendia et al. (2016) using intracellular region sequences. Previously generated RNA sequencing data indicate that the SlLYK1 gene is expressed at similar levels in roots and leaves, and the SlLYK12 and SlLYK13 genes were each primarily expressed in roots and leaves, respectively (Supplementary Figure 1A) (Tomato Genome, 2012). We confirmed these results using qRT-PCR (Supplementary Figure 1B). The expression level of SlLYK11 was much lower in both roots and leaves compared to the other three genes (Supplementary Figure 1). In addition, we were unable to amplify the predicted full-length coding sequence of the SlLYK11 gene, even using cDNA extracted from chitooctaose (CO8)-treated leaves and AM-inoculated roots; therefore, we did not perform further analysis of the SlLYK11 gene.

To study the function of SlLYK1, SlLYK12, and SlLYK13, we silenced these genes individually using a VIGS approach, which is a powerful tool for the study of AM symbiosis in the tomato (Buendia et al., 2016). As the sequence similarity between these three genes is 74%, we designed three sets of primers for each gene and each amplified region was fused to the VIGS vector. The transcript levels of SlLYK1, SlLYK12, and SlLYK13 were detected by qRT-PCR in VIGS leaves 4 weeks after agrobacterial infiltration. The best sets of primers were chosen according to the specificity and efficiency of gene silencing; for example, SlLYK1 gene expression was down-regulated 50% in VIGS- SlLYK1 leaves compared to VIGS-GUS (β-GLUCURONIDASE) control, but the transcript levels of SlLYK12 and SlLYK13 did not show significant differences (Figure 1A). After confirming the silencing effectiveness in roots (Figure 1B), roots were inoculated with R. irregularis and grown for another 3 and 6 more weeks. To observe mycorrhizal colonization, roots were harvested and stained with trypan blue. Arbuscules could be observed in plants infiltrated with all constructs (Figures 2A,B). The rate of total root colonization including hyphopodia, intracellular hyphae, arbuscules, and vesicles was calculated using the grid line intersect method (Vierheilig et al., 1998). We found that VIGS-SlLYK12- infiltrated plants exhibited a more than 50% reduction of mycorrhizal colonization, whereas those infiltrated with VIGS-SlLYK1 and -SlLYK13 did not exhibit significant differences from control plants (Figures 2C,D). Similarly, the percentage of hyphopodia and arbuscules were significantly reduced in VIGS-SlLYK12- infiltrated plants (Figures 2E,F). Consistent with these results, levels of the SlLYK12 transcript were increased fourfold after R. irregularis inoculation, whereas those of SlLYK1 and SlLYK13 were not (Figure 2G).
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FIGURE 1. Each endogenous gene of CERK1 family in tomato was specifically silenced by its respective VIGS construct. (A) The relative transcript levels of SlLYK1, SlLYK12, and SlLYK13 in leaves infiltrated with VIGS-SlLYK1, -12, -13, or -GUS (control). (B) Relative transcript levels in roots. RNA was extracted from leaves and roots 4 weeks after leaf infiltration with Agrobacterium tumefaciens carrying the indicated constructs. Transcript levels were detected using qRT-PCR. Data are expressed as means ± SD from three biological replicates. Asterisks indicate significant differences from the VIGS-GUS control (Student’s t-test: ∗P ≤ 0.05).
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FIGURE 2. SlLYK12 is required for AM symbiosis. (A,B) Images of roots inoculated with Rhizophagus irregularis after infiltration with VIGS-GUS control (A) and VIGS-SlLYK12 constructs (B). (C,D) Rate of total root colonization by R. irregularis 3 and 6 weeks post inoculation (wpi), respectively. (E,F) Ratio of root fragments containing hyphopodia and arbuscules at 3 and 6 wpi, respectively. Plants were inoculated with R. irregularis 4 weeks after infiltration with VIGS-SlLYK1, -12, -13, or VIGS-GUS constructs. Roots were stained with trypan blue to visualize fungal structures. The rate of root colonization was calculated using the grid line intersect method (100 intersects for each plant and six plants for each construct). Images were taken 6 wpi. Arbuscules are indicated by arrows. (G) The expression levels of SlLYK1, SlLYK12, and SlLYK13 in roots inoculated with or without R. irregularis (AMF). (H) The expression levels of mycorrhizal responsive genes and fungal housekeeping gene. RNA was extracted from the roots of VIGS-SlLYK12-infiltrated plants and controls. Gene expression was detected by qRT-PCR. Data are expressed as means ± SD from three biological replicates. Asterisks indicate significant differences from the VIGS-GUS control (Student’s t-test: ∗P ≤ 0.05, ∗∗P ≤ 0.01).



To confirm that SlLYK12 is required for the development of AM symbiosis, we determined the expression levels of a fungal housekeeping gene GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (RiGAPDH), and three AM responsive genes in tomato, including REDUCED ARBUSCULAR MYCORRHIZATION2 (SlRAM2, an early signaling gene in the common symbiosis pathway), BLUE COPPER-BINDING PROTEIN1 (SlBCP1, a gene induced in arbuscule-containing regions), and PHOSPHATE TRANSPORTER4 (SlPT4, a late arbuscule developmental gene) (Liu et al., 2007; Buendia et al., 2016). Compared with control plants, the expression levels of all four genes were significantly reduced in VIGS-SlLYK12-infiltrated plants, suggesting that SlLYK12 affects the development of AM symbiosis (Figure 2H).

SlLYK1 Is Required for Chitin Responses

To determine whether SlLYK1, SlLYK12, and SlLYK13 are required for chitin signaling, we analyzed their expression after CO8 treatment in 4-week-old leaves and roots. Our results indicated that SlLYK1 gene expression is upregulated sevenfold after CO8 treatment in leaves and threefold in roots. SlLYK13 is also slightly upregulated in leaves after CO8 treatment, whereas SlLYK12 did not show significant upregulation in either leaves or roots (Figures 3A,B). These results suggest that SlLYK12 might not have a role in chitin signaling. Next, we examined the responses of leaves infiltrated with VIGS-SlLYK1, -SlLYK12, -SlLYK13, and VIGS control to CO8 elicitation. First, ROS generation was measured after CO8 treatment, using a luminol-based chemiluminescence detection system. We found that VIGS-SlLYK1-inoculated leaves showed reduced ROS levels after CO8 treatment compared to the VIGS control, whereas plants infiltrated with VIGS-SlLYK12 and -SlLYK13 did not exhibit lower ROS levels (Figure 3C). Second, transcript levels of SlWRKY53 (the ortholog of AtWRKY53), a typical chitin response gene (Cao et al., 2014), were detected by qRT-PCR. The results indicated that induction of SlWRKY53 expression triggered by CO8 was significantly reduced in VIGS-SlLYK1-infiltrated plants (Figure 3D). Third, MAP kinase activity was analyzed by immunoblot assay. CO8 treatment causes MAP kinase phosphorylation, as demonstrated using an anti-p42/p44-MAPK antibody in VIGS control plants; however, levels of phosphorylation were significantly reduced in VIGS-SlLYK1-inoculated plants (Figure 3E). Similar to the results in leaves, CO8-triggered SlWRKY53 gene expression and MAPK phosphorylation in roots was only reduced in VIGS-SlLYK1 infiltrated plants (Figures 3F,G). Together, these results suggest that SlLYK1 plays a role in chitin signaling.
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FIGURE 3. SlLYK1 is required for chitin responses. (A,B) Relative transcript levels of SlLYK1, SlLYK12, and SlLYK13 after chitooctaose (CO8) treatment in leaves (A) and roots (B). RNA was extracted from 2-week-old wild type leaves and roots 30 min after CO8 treatment. Transcript levels were detected by qRT-PCR. CO8-induced immune responses were analyzed in leaves (C–E) and roots (F,G) 4 weeks after infiltration with VIGS-SlLYK1, -12, -13, and VIGS-GUS. (C) CO8-induced reactive oxygen species (ROS) accumulation. ROS was measured using a chemiluminescence assay. Signals were recorded for 30 min and ROS were quantified as the total amount of light emitted (RLU). Data are expressed as means ± SD (n = 8). (D,F) CO8-induced SlWRKY53 (Solyc08g008280) gene expression in leaves (D) and roots (F). RNA was extracted 30 min after CO8 treatment, and gene expression was detected by qRT-PCR. Asterisks indicate significant differences from the VIGS-GUS control (Student’s t-test: ∗P ≤ 0.05, ∗∗P ≤ 0.01). (E,G) CO8-induced MAP kinase phosphorylation in leaves (E) and roots (G). After CO8 treatment, MAP kinase phosphorylation was detected by immunoblot using the α-P42/P44 MAPK antibody and α-cFBPase (CYTOSOLIC FRUCTOSE-1,6-BISPHOSPHATASE) as a loading control. The experiment was repeated twice with similar results.



SlLYK13 Is Involved in Cell Death

The results described above (sections “SlLYK12 Is Required for AM Symbiosis” and “SlLYK1 Is Required for Chitin Responses”) suggest that SlLYK1 is required for chitin signaling, while SlLYK12 is involved in AM symbiosis; hence, we wished to determine the function of SlLYK13. AtCERK1 has a chitin-independent role in cell death (Petutschnig et al., 2014), and ectopic overexpression of AtCERK1 in N. benthamiana leaves results in symptoms of cell death (Pietraszewska-Bogiel et al., 2013); therefore, we analyzed the signs of cell death in N. benthamiana leaves ectopically overexpressing SlLYK1, SlLYK12, and SlLYK13. To this end, we fused the cDNA fragments encoding the proteins of interest to the 5′ of the GREEN FLUORESCENT PROTEIN (GFP) cDNA driven by the CaMV 35S promoter, respectively, and the resulting constructs were transiently expressed in N. benthamiana leaves using the same amount of agrobacteria. A positive control, overexpression of AtCERK1-GFP, caused leaf chlorosis and tissue collapse in the entire infiltrated region 3 days after agrobacterial infiltration. Compared with AtCERK1-GFP, overexpression of SlLYK13-GFP resulted in similar levels of cell death (Figure 4A). Overexpression of SlLYK1-GFP did not result in obvious tissue collapse; however, dead tissues (dark blue in color) were visible after trypan blue staining (Figure 4A). This symptom of cell death was never observed on overexpression of SlLYK12-GFP (Figure 4A).
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FIGURE 4. Overexpression of SlLYK1 and SlLYK13 induces cell death in Nicotiana benthamiana leaves. (A) Detection of cell death in N. benthamiana leaves. C terminus of AtCERK1, SlLYK1, SlLYK12, and SlLYK13 proteins were fused to green fluorescence protein (GFP) and then transiently expressed in N. benthamiana. Images were taken before (above) and after trypan blue staining (below) 3 days after infiltration. (B) Kinase inactivation of SlLYK1(K355E), SlLYK13(K328E), and AtCERK1(K394E) abolished the symptoms of cell death. (C) GFP observation. Images were taken using confocal microscopy 3 days after infiltration. Bars, 50 μM. (D) Size and abundance of the SlLYK1(K355E)-GFP, SlLYK12-GFP, and SlLYK13(K328E)-GFP proteins. Total proteins were extracted from leaves expressing the SlLYK1(K355E)-GFP, SlLYK12-GFP, and SlLYK13(K328E)-GFP constructs. Immunoblot analysis was performed using anti-GFP antibody. Ponceau S staining was used as a protein loading control. The experiment was repeated twice with similar results.



We then examined whether SlLYK1- and SlLYK13-induced cell death were dependent on their kinase activities, by generating constructs with inactive kinase domains; SlLYK1 (K355E) and SlLYK13 (K328E). Our results showed that SlLYK1 and SlLYK13 lacking kinase activity did not cause symptoms of cell death (Figure 4B). All constructs were verified by confocal microscopy observation of the green fluorescence signal and immunoblot analysis to determine protein size (Figures 4C,D). Since tissue collapse leads to degradation of target proteins, SlLYK1- and SlLYK13-GFP proteins could not be detected by either method; however, SlLYK12-, SlLYK1(K355E)-, and SlLYK13(K328E)-GFP all showed green fluorescence signals in the cell periphery as expected for proteins predicted to localize in the plasma membrane (Figure 4C). Taken together, our results suggest that SlLYK13 and SlLYK1 have redundant functions in cell death, while overexpression of SlLYK13 could cause more severe symptoms of cell death.

SlLYK12 Is Subfunctionalized for AM Symbiosis in Tomato

To decipher the evolutionary relationships among LYK family proteins correlated with their functions in immunity and symbiosis, we constructed a phylogenetic tree by analyzing the protein sequences of CERK1 homologs from six Leguminosae species (Glycine max, G. soja, Cajanus cajan, Lupinus angustifolius, M. truncatula, and L. japonicus), three Solanaceae species (Capsicum annuum, S. lycopersicum, and Solanum tuberosum), three Cruciferae species (A. thaliana, Brassica napus, and Brassica rapa), and two Gramineae species (Oryza sativa and Zea mays). Finally, full length amino acid sequences encoded by 48 genes from 14 species were used to construct the phylogenetic tree (Figure 5).
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FIGURE 5. Phylogenetic tree of CERK1 homologs. An unrooted phylogenetic tree of CERK1 protein homologs was constructed using the approximately maximum-likelihood method. Species of origin: At, Arabidopsis thaliana; Bn, Brassica napus; Br, Brassica rapa; Ca, Capsicum annuum; Cac, Cajanus cajan; Gm, Glycine max; Gs, Glycine soja; La, Lupinus angustifolius; Lj, Lotus japonicus; Mt, Medicago truncatula; Os, Oryza sativa; Sl, Solanum lycopersicum; St, Solanum tuberosum; Zm, Zea mays. Branches are labeled with their respective bootstrap values. The solid triangle represents the common ancestor sub-functionalized for a role in AM symbiosis, the blue color represents the Leguminosae-specific subclade, the gray color represents the Cruciferae-specific subclade, the olive color represents the Solanaceae-specific subclade, and the red color represents the mixed subclade containing members from Leguminosae and Solanaceae.



Similar to other reported phylogenetic trees of LysM receptor proteins or kinases (Arrighi et al., 2006; Zhang et al., 2007, 2009; Lohmann et al., 2010; De Mita et al., 2014), CERK1 homologs from monocotyledonous and dicotyledonous species were assigned to two different groups (Figure 5). Monocotyledonous maize and rice only have one or two CERK1 paralogs, whereas dicotyledonous species other than the Cruciferae have evolved several homologs, suggesting that the CERK1 family has experienced duplication events in dicotyledonous species during their evolution. The CERK1 homologs in Solanaceae and Leguminosae species are clustered into three clades: a Leguminosae-specific clade (blue), containing the Nod factor receptor NFR1/LYK3 and chitin receptor LjCERK6; a Solanaceae-specific clade (olive), including the immune receptors SlLYK1 and SlLYK13; and a mixed clade (red). SlLYK12, the potential Myc-factor receptor, was assigned to the mixed clade, which contains LYKs from both Solanaceae and Leguminosae species, suggesting that an ancestral gene duplication event occurred before the divergence of the Solanaceae and Leguminosae species. As OsCERK1 has a dual role in immunity and symbiosis, we hypothesize that an ancestor molecule in dicotyledons, which was responsible for both immunity and symbiosis, underwent gene duplication, leading to the sub-functionalization for a role in immunity and symbiosis, respectively.



DISCUSSION

In this study, we identified the orthologs of CERK1 in tomato, and investigated their function using a VIGS approach. Unlike rice OsCERK1, which has dual roles in chitin and AM symbiosis (Miyata et al., 2014; Zhang et al., 2015), we found that no single tomato CERK1 ortholog is responsible for both functions; rather, SlLYK1 mainly affects chitin signaling, while SlLYK12 is required for AM symbiosis. Therefore, we hypothesize that a gene duplication event and functional divergence occurred in an ancient ancestor of tomato. This subfunctionalization could be because of tissue-specific expression patterns. SlLYK12 is mainly expressed in the roots where AM symbiosis is established, whereas SlLYK1 showed equal expression levels in both leaves and roots. In addition, the expression of these genes was specifically induced by AM symbiosis and chitin, respectively.

Functional studies of LysM-RLP and LysM-RLK suggest that these receptors can function as hetero-oligomers (Kelly et al., 2017; Zipfel and Oldroyd, 2017; Desaki et al., 2018); for example, the hetero-oligomer of AtLYK5-AtCERK1 recognizes chitin in Arabidopsis (Cao et al., 2014), OsCEBiP-OsCERK1 recognizes chitin in rice (Shimizu et al., 2010; Hayafune et al., 2014), AtLYM1/3-AtCERK1 recognizes peptidoglycans in Arabidopsis (Willmann et al., 2011), OsLYP4/6-OsCERK1 recognizes peptidoglycan and chitin in rice (Liu et al., 2013; Ao et al., 2014), and LjNFR5-LjNFR1 recognizes Nod factor in L. japonicus (Broghammer et al., 2012). Therefore, it is very likely that SlLYK12 pairs with SlLYK10, the ortholog of NFR5 in tomato (Buendia et al., 2016). Plants with silenced SlLYK10 showed reduced AM colonization (Buendia et al., 2016). However, whether SlLYK10 associates with SlLYK12 awaits biochemical confirmation.

SlLYK1 and SlLYK13 were reported to have redundant roles in bacteria-mediated immune responses (Zeng et al., 2012). SlLYK1 (previously referred to as Bit9) and SlLYK13 both interact with the bacterial effector, avrPtoB, and plants with silenced SlLYK1, SlLYK11, SlLYK12, and SlLYK13 were more susceptible to Pseudomonas syringae (Zeng et al., 2012). In this study, we found that ectopic expression of SlLYK1 and SlLYK13 in N. benthamiana induced cell death; however, SlLYK13 could trigger a stronger cell death response than SlLYK1. In addition, plants with silenced SlLYK13 showed unaltered responses to chitin, suggesting that its involvement in cell death may be separate from chitin signaling. Indeed, in Arabidopsis, the cell death phenotype mediated by AtCERK1(L124F) is completely independent of chitin signaling (Petutschnig et al., 2014), but ectopic expression of AtCERK1 in N. benthamiana strongly induces cell death. Therefore, tomato SlLYK1 and SlLYK13 may have undergone sub-functionalization after gene duplication during evolution.

CERK1 homologs in Solanaceae and Leguminosae species are clustered into three clades: a legume-specific clade (NFR1-MtLYK3-LjCERK6), a Solanaceae-specific clade (SlLYK1), and a mixed clade (SlLYK12-LjLYS7-MtLYK8). Consistent with the function of SlLYK12 in AM symbiosis, the SlLYK12-LjLYS7-MtLYK8 clade does not contain genes from Lupinus angustifolius, a legume species which cannot form AM symbiosis, but can establish a symbiotic relationship with rhizobia (Oba et al., 2001; Schulze et al., 2006), suggesting that the SlLYK12-LjLYS7-MtLYK8 clade may mediate the host specificity of AM symbiosis. In this clade, LjLYS7 and MtLYK8 are the closest orthologs of SlLYK12 in L. japonicus and M. truncatula, which were also predicted to be involved in symbiotic perception in endomycorrhizae in other phylogenetic analysis (De Mita et al., 2014). Given the common pathways used for AM symbiosis and legume-rhizobium symbiosis, it has been hypothesized that Nod factor receptors evolved from a Myc factor receptor (Lohmann et al., 2010; De Mita et al., 2014). According to this theory, it is reasonable to predict that the putative Myc factor receptor should be clustered with NFR1 in a single group. Surprisingly, we found that the NFR1 clade is more closely related to the SlLYK1-immunity clade than to the SlLYK12-AM symbiosis clade. Consistent with this notion, LjCERK6, the closest paralog of NFR1, was recently identified as involved in chitin recognition in L. japonicus, but not AM symbiosis (Bozsoki et al., 2017). All these studies suggest that NFR1 might not have evolved directly from a receptor for AM symbiosis, rather, it may have evolved from an ancestor with a dual function, which underwent gene duplication in legumes and the paralogous gene underwent neofunctionalization to become a Nod factor receptor. Alternatively, it is interesting to note that the YAQ motif that is proposed to be associated with a role in symbiosis in the CERK1 family is conserved in SlLYK1 and SlLYK12 (Nakagawa et al., 2011; De Mita et al., 2014), so it is possible that SlLYK1 might have a symbiotic role. However, this role might not have been observed because of redundancy with SlLYK12 or because of incomplete silencing. Indeed, PsLYK9, the ortholog of LjCERK6 in Pisum sativum, is required for plant immunity and could be involved in Myc factor perception (Leppyanen et al., 2018). Therefore, the evolutionary origin of Nod factor receptors awaits future experimental investigation.
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Ribosomally synthesized peptides have wide ranges of functions in plants being, for example, signal molecules, transporters, alkaloids, or antimicrobial agents. Legumes are an unprecedented rich source of peptides, which are used to control the symbiosis of these plants with the nitrogen-fixing Rhizobium bacteria. Here, we discuss the function and the evolution of these peptides playing an important role in the formation or functioning of the symbiotic organs, the root nodules. We distinguish peptides that can be either cell-autonomous or secreted short-range or long-range signals, carrying messages in or between plant cells or that can act as effectors interacting with the symbiotic bacteria. Peptides are further classified according to the stage of the symbiotic process where they act. Several peptide classes, including RALF, DLV, ENOD40, and others, control Rhizobium infection and the initiation of cell divisions and the formation of nodule primordia. CLE and CEP peptides are implicated in systemic and local control of nodule initiation during autoregulation of nodulation and in response to the nutritional demands of the plant. Still other peptides act at later stages of the symbiosis. The PSK peptide is thought to be involved in the suppression of immunity in nodules and the nodule-specific cysteine-rich, GRP, and SNARP (LEED..PEED) peptide families are essential in the functioning of the nitrogen fixing root nodules. The NCRs and possibly also the GRP and SNARPs are targeted to the endosymbionts and play essential roles in the terminal differentiation of these bacteria.
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INTRODUCTION

Ribosomally synthesized peptides with biological functions are arbitrarily (and loosely) defined as gene-encoded small proteins of 2 to about 100 amino acids. Research on peptide-mediated signaling processes and other peptide functions in plants has gained momentum in the last decade [for a review, see Tavormina et al. (2015)]. Crucial importance of peptides has been demonstrated in embryogenesis (Costa et al., 2014), fertilization (Okuda et al., 2009; Higashiyama, 2010; Mecchia et al., 2017; Ge et al., 2017), cell expansion (Haruta et al., 2014; Murphy and De Smet, 2014), cell differentiation (Butenko et al., 2003; Hunt et al., 2009; Matsuzaki et al., 2010; Sugano et al., 2010; Lee et al., 2015; Santiago et al., 2016; Doblas et al., 2017; Nakayama et al., 2017), immunity (Constabel et al., 1995; Pearce et al., 2001; Huffaker et al., 2006; Hou et al., 2014; Stegmann et al., 2017), nutrition (Tabata et al., 2014; Ohkubo et al., 2017), as well as in other processes (Whitford et al., 2012; Takahashi et al., 2018). The field of Rhizobium-legume symbiosis is not lagging behind when it comes to discoveries of peptides with key roles in the nodulation process (Djordjevic et al., 2015). In this review, we summarize these peptide signals and peptide effectors and the present knowledge on their identified or predicted functions in symbiosis (Figure 1).
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FIGURE 1. Peptides contributing to nodule formation. The left part of the figure presents a nodulated M. truncatula plant. The inset shows an enlarged image of nodules. The upper pictures show a section of a nodule primordium showing a network of infection threads stained in blue (Left), and a symbiotic nodule cell densely packed with differentiated bacteroids (Right). The lower image is a section of a mature nodule showing the rhizobia in green. The red staining shows plant cell nuclei, highlighting primarily the nodule meristem. Peptides involved in nodulation are indicated at their presumed site of action. CLE peptides are produced in response to already initiated nodules or by high nitrate. They are systemic signals received in the shoot by the HAR1/SUNN/NARK receptor-like kinases, which in return produce a shoot-derived signal that inhibits further nodulation in the roots. CEP peptides on the other hand are produced in the roots and their production is enhanced by low nitrogen. The peptides are perceived by the CRA2 receptor-like kinase and stimulate nodulation through a systemic mechanism. The RALF and DLV peptides negatively affect the infection process in early stages of nodule development. During later stages, RALF has a negative, while PSK has positive effect on the process. ENOD40 and miPEP172c affect nodule primordium formation. uORFp1 participates in the control of the meristem maintenance. NCR peptides and potentially also the GRP and SNARP peptides control bacteroid differentiation and functioning.



In response to nitrogen starvation, plants from the Leguminosae family can establish symbiosis with their Rhizobium partners resulting in the development of root nodules and within the nodule plant cells, the conversion of the bacteria into nitrogen fixing bacteroids. For the initiation of the symbiosis and finding the appropriate Rhizobium bacterium in the soil, legume plants excrete from their roots flavonoids and isoflavonoids acting as inducers of nodulation genes in their symbiont. Activation of nodulation genes leads to the production of bacterial signal molecules, the Nod factors, which induce nodule organogenesis in the host plant and are required for the infection process as well. Already at this stage, several plant peptides affect the plant susceptibility to infection and nodulation and participate in the regulation of these first developmental and differentiation steps. Moreover, the plant invests only in the number of nodules required to satisfy its nitrogen needs. The nodule numbers are negatively controlled by autoregulation of nodulation and by high nitrate using CLV3/ESR-related (CLE) peptides exerting a systemic negative regulation on nodulation via root- and shoot-derived signaling. Members of the C-terminally encoded peptide (CEP) family, on the contrary, exert a positive effect on nodulation in response to low nitrogen availability.

While these peptide signals have general and conserved roles and some of their members were recruited to serve in the nitrogen fixing symbiosis as well, other large secreted symbiotic peptide families, which evolved specifically in certain legume lineages, are linked to irreversible, or terminal, differentiation of the bacteroids. These bacteroids are not able to switch from the symbiotic state to free living one and are thus non-cultivable. They are also morphologically different from the free living cells, often exhibiting remarkable cell growth and change in cell shape, having an amplified genome and altered cell envelope with increased membrane permeability. Such terminal bacteroid differentiation occurs in several but not all branches of the Leguminosae family and, so far, has only been studied in legumes of the Inverted Repeat Lacking Clade (IRLC) from the Papilionoideae subfamily and in the phylogenetically distant Aeschynomene genus of Dalbergoid legumes. In these legumes, these peptides direct terminal bacteroid differentiation, which is indispensable for nitrogen fixation. In other legumes, where the fate of the bacteroids is reversible and endosymbionts can return to the free-living life, there is no change in morphology, size, DNA content, and membrane properties of the bacteria, and these legumes lack genes coding for the abovementioned symbiotic peptide families in their genome. The large majority of these peptides are nodule specific cysteine-rich (NCR) peptides, but there are also glycine-rich peptides (GRPs) as well as small nodulin acidic RNA-binding peptides (SNARPs or also named LEED..PEED according to a conserved amino acid motif).



PLANT PEPTIDES INVOLVED IN INFECTION AND NODULE ORGANOGENESIS

Regulators Encoded by Peptide-Coding Genes

Rapid Alkanization Factor (RALF) Family

The Medicago truncatula MtRALFL1 gene was identified in a transcriptome screen for early Nod factor-induced genes using a double supernodulating mutant line (Combier et al., 2008b). The gene encodes a member of the RALF cysteine-rich and secreted peptide family, which comprises 15 members in M. truncatula (Silverstein et al., 2007; de Bang et al., 2017). Peptides of the RALF family are known in plants to control immunity as well as cell expansion, notably in root hair and pollen tube growth (Murphy and De Smet, 2014; Haruta et al., 2014; Ge et al., 2017; Mecchia et al., 2017; Stegmann et al., 2017). The secretion of RALF peptides indicates that they function in cell-to-cell signaling what they indeed do through the interaction with cell membrane located receptors like the receptor-like kinase FERONIA. Notably, FERONIA and other RALF-binding receptors are related receptor-like kinases that have an ectodomain (ligand-binding extracellular domain of the receptor) composed of two malectin-like domains (Li et al., 2016). The RALF peptides are bound by the malectin-containing ectodomains but the molecular details of the interaction need to be further clarified.

The MtRALFL1 gene is induced by Nod factor treatment of M. truncatula roots although this induction was only observed in the particular genetic background of the supernodulating sunn-2 sickle double mutant (Combier et al., 2008b). This M. truncatula line has a higher sensitivity to Nod factors and, therefore, allowed to detect responses that are not visible in a wild-type background. The involvement of the MtRALFL1 peptide in nodulation was further supported by overexpression of MtRALFL1 in M. truncatula transgenic roots, which resulted in a drastic reduction of nodule number and an abnormally high number of aborted infection threads. Moreover, the few nodules initiated on the transgenic roots did not develop into mature, nitrogen fixing organs. Thus, MtRALFL1 controls infection thread formation and possibly other stages of nodule development (Combier et al., 2008b). Interestingly, infection threads have a polar growth mode similar to root hairs and pollen tubes whose growth is also affected by RALF peptides in other plant species. Furthermore, the nodulation receptor-like kinase NORK [also known as “doesn’t make infections 2” (DMI2) or “symbiosis receptor-like kinase” (SymRK)], which is part of the Nod factor receptor complex regulating infection thread formation, contains in its ectodomain a malectin-like domain (Endre et al., 2002; Antolín-Llovera et al., 2014). Although the overall ectodomain structure of NORK differs from the ectodomain of FERONIA and related receptor-like kinases by the presence of an additional leucine-rich repeat domain, it is tempting to speculate that the MtRALFL1 peptide targets the Nod factor receptor complex.

Medicago DEVIL (MtDVL1) Non-secretory Peptide

Another characterized regulatory peptide in M. truncatula is called MtDVL1. The MtDVL1 gene was identified in the same transcriptome screen as the above described MtRALFL1 gene (Combier et al., 2008b). MtDVL1 is homologous to the family of ROTUNDIFOLIA FOUR (ROT4) or DEVIL (DVL) peptides in Arabidopsis, which are conserved in plants (Guo et al., 2015). These peptides are non-secretory and are thought to function cell-autonomously (Ikeuchi et al., 2011). Understanding the biological function and mode of action of this family of peptides is limited. Loss-of-function or knock-down mutants show no noticeable phenotypes, likely due to gene redundancy in the family, but overexpression of several members of the family in Arabidopsis produces phenotypes suggesting the implication of DVL peptides in plant development (Narita et al., 2004; Wen et al., 2004; Ikeuchi et al., 2011; Valdivia et al., 2012; Guo et al., 2015). The function of the MtDVL1 gene in symbiosis was also assessed by overexpression studies in transgenic M. truncatula roots, which led to a strong increase in the number of abortive infections in the root cortex and in line with this, a significant reduction of nodule formation suggesting that the MtDVL1 peptide has a negative regulatory role in nodulation and particularly in rhizobial infection (Combier et al., 2008b).

Phytosulfokine (PSK) Peptides

Phytosulfokines are five-amino acid peptides containing two sulfated tyrosine residues. These peptides are produced as preproproteins, which are secreted as sulfated precursors in the cell apoplast where they are further processed to the PSK peptide by a subtilisin serine protease (Srivastava et al., 2008; Komori et al., 2009). The PSK peptides are recognized by a receptor-like kinase and act primarily as growth-promoting factors (Matsubayashi et al., 2002) but also participate in the immune response of plants by either attenuating pattern-triggered immunity against biotrophs or promoting immunity against necrotrophic pathogens (Igarashi et al., 2012; Zhang et al., 2018). In Lotus japonicus, five PSK genes have been identified, two of which showed a nodule-specific expression found mainly in the rhizobium-infected symbiotic cells (Wang et al., 2015). Overexpression of one of the PSK genes in transgenic L. japonicus roots but also the external application of the PSK-α peptide to roots enhanced nodulation. PSK overexpression did not increase infection events or the number of initiated nodule primordia and, therefore, the enhanced nodulation was attributed to a stimulation of nodule growth from primordia by PSK. Moreover, PSK overexpression resulted in the downregulation of the jasmonate signal transduction pathway. Thus, the nodule-specific PSK peptides might be also important in nodules to suppress host defense responses against the rhizobia (Wang et al., 2015).

Short Peptides Encoded by sORFs (sPEPs)

The peptides described so far are derived from genes whose major open reading frame (ORF) encodes the peptide or a peptide precursor. Recently, an additional source of peptides was recognized in short ORFs (sORFs) located in RNA molecules, which have another primary function (Andrews and Rothnagel, 2014; Hellens et al., 2016; Makarewich and Olson, 2017). These RNAs can be transcripts previously annotated as long non-coding RNAs (lncRNAs), primary microRNA transcripts (pri-miRNAs), or protein-encoding mRNAs. The translation of some of these sORFs has been demonstrated experimentally by translational GUS fusions, ribosome profiling, overexpression or mutational analysis of the transcript in planta, or by the immunological detection of the peptides. The biological activity of some sPEPs has been demonstrated by in planta application or in vitro biochemical activities. Examples of sORFs/sPEPs have been identified as regulators of nodulation.

Peptides Encoded by sORFs in pri-miRNAs (miPEPs)

A class of newly identified peptide regulators, discovered thus far in plants only, is encoded by microRNA (miRNA) genes. The miRNAs are 21–24 nt regulatory RNA molecules and function via base-pairing with complementary sequences in target mRNAs, mediating cleavage or inhibition of translation of the target. The miRNAs are transcribed as large pri-miRNAs, which are then processed into mature miRNAs. Based on case studies in Arabidopsis and M. truncatula, certain pri-miRNAs were reported to contain in their 5′ part functional sORFs encoding the so-called miPEPs (Lauressergues et al., 2015). Evidence for the production of the Arabidopsis miPEP165a and the M. truncatula miPEP171b was obtained by translational fusions with GUS and by western blots and immunolocalization with specific antibodies produced against the corresponding synthetic peptides. It was further shown by overexpression of the corresponding sORFs or external application of synthetic peptides to plants that miPEPs enhance specifically the transcription of their cognate primary transcript. They thereby form a positive feedback loop and increase the level of the corresponding miRNA, amplify the original effect, and reduce even more the expression of the miRNA target genes. Although miPEPs have been experimentally characterized only in a few cases, a survey of the sequences of plant pri-miRNAs indicates that they generally contain sORFs suggesting that miPEPs are commonly encoded by pri-miRNAs.

A miPEP was recently shown to control nodulation in soybean (Couzigou et al., 2016). Several miRNAs are known to regulate different stages of the nodulation process [reviewed in Couzigou and Combier (2016)]. One of these miRNAs is the soybean miR172c, which targets NNC1 gene coding for an APETALA 2 transcription factor. The NNC1 transcription factor, which regulates the nodule-specific gene ENOD40 (see below), negatively affects nodulation, and thus the miR172c expression stimulates nodulation by reducing NNC1 activity (Wang et al., 2014). Similarly as the earlier characterized pri-miRNAs of M. truncatula and Arabidopsis, the primary transcript of soybean miR172c encodes the miPEP172c. Intriguingly, it was found that watering soybean plants with a solution containing synthetic miPEP172c peptide resulted in an increase of nodule numbers. This enhanced nodulation correlated with a higher expression of the miR172c primary transcript and several marker genes of nodulation while the NNC1 gene expression was significantly reduced (Couzigou et al., 2016).

Peptides Encoded by Upstream ORFs (uORFs)

Regulatory sPEPs can also be encoded by sORFs located within 5′ leader sequences of protein encoding mRNAs. These sORFs are commonly referred to as uORFs. uORFs are ubiquitous and have been identified in most eukaryotes. Close to 50% of mRNAs contain uORFs (Andrews and Rothnagel, 2014; Hellens et al., 2016). Ribosome profiling and proteomics in mammalian and human cells revealed that many of the uORFs are indeed translated but only few have been functionally analyzed. A common function of these characterized uORFs is to attenuate the translation of their associated downstream coding ORF by stalling of the ribosomes on the 5′ leader sequence (Andrews and Rothnagel, 2014).

Such a uORF and its encoded sPEP have an essential role in the nodule meristem maintenance in M. truncatula. The NF-YA1 transcription factor in M. truncatula (also known as MtHAP2-1) controls nodule meristem function (Combier et al., 2006). The NF-YA1 gene is expressed in the meristem and its spatial expression profile is finely regulated by two mechanisms that repress expression of NF-YA1 in the adjacent infection zone of the nodule (zone II). In younger nodules, the NF-YA1 gene is negatively regulated in zone II by the miR169 miRNA (Combier et al., 2006). In older nodules, a second mechanism takes over the negative regulation in zone II. An alternatively spliced mRNA of the NF-YA1 gene becomes expressed in this zone. The alternative splicing of the first intron of the NF-YA1 gene results in a transcript with a long 5′ leader sequence containing an uORF encoding the 62 amino acids peptide called uORF1p (Combier et al., 2008a). The translation of this peptide was supported by translational fusions of uORF1p with GUS. The functionality of the uORF1p peptide was investigated with its overexpression, which reduced the expression of the NF-YA1 gene resulting in the development of aberrant nodules lacking tissue differentiation. Moreover, specific binding of the uORF1p peptide was demonstrated in vitro to the 5′ region of the NF-YA1 transcript. Together, the data indicate that the synthesis of the uORFp1 peptide in zone II reduces in trans the mRNA levels of its cognate NF-YA1 gene and thus in combination with the miR169, it restricts the expression of the gene to the nodule meristem. Interestingly, this in-trans-mode-of-action of the uORFp1 peptide on mRNA levels is unique because other described uORFs are cis-acting and inhibit translation of the downstream ORF by ribosome stalling (Andrews and Rothnagel, 2014).

Short Peptide of Early Nodulin ENOD40

sORFs are also present in RNAs annotated as lncRNAs, which are transcripts that do not encode a longer protein. In most cases, it is difficult to predict the significance of the sORFs in these lncRNAs (Andrews and Rothnagel, 2014). Nevertheless, a few examples of sPEPs encoded by these transcripts have been reported in plants (Tavormina et al., 2015). One of these sPEP and lncRNA encoding plant genes is the well-studied but still enigmatic ENOD40 gene of legumes. ENOD40 expression is induced in the incipient nodule primordium, and its expression is under the control of the early symbiosis signaling cascade (Frugier et al., 2008). Both M. truncatula and L. japonicus have two ENOD40 gene copies and their downregulation or overexpression in transgenic plants result in a reduced or enhanced initiation of nodule primordia, respectively (Charon et al., 1999; Kumagai et al., 2006; Wan et al., 2007). Thus, the genes play a key role in the initiation of nodules and the establishment of the nodule primordium. The ENOD40 gene lacks a long ORF but several sORFs are present, some of which are conserved among plant species, notably two sORFs encoding the peptides ENOD40-I (13 amino acids) and ENOD40-II (27 amino acids) (Sousa et al., 2001). The translatability of the sORFs was suggested by in vivo translational GUS fusions expressed in Medicago sativa roots. Moreover, a soybean ENOD40 peptide could be detected by western blotting (Röhrig et al., 2002). Ballistic microtargeting of the ENOD40 gene into cortical root cells of M. sativa was found to induce cell divisions, which correspond to the early steps of nodule initiation (Charon et al., 1997; Sousa et al., 2001). ENOD40 variants were used in this assay to demonstrate that both the ENOD40-I and ENOD40-II peptides as well as a structured RNA region of the transcript are involved in the elicitation of cortical cell divisions (Sousa et al., 2001). Another reported cellular activity of the M. truncatula ENOD40 gene is the re-localization of the RNA-binding protein MtRBP1 from the nucleus into the cytoplasm (Campalans et al., 2004). The re-localization of MtRBP1 is dependent on the ENOD40 RNA. However, the ENOD40-encoded peptides do not seem to be involved in this activity because mutant ENOD40 genes where the translational initiation ATG codons of the peptides were mutated, were still able to induce the cytoplasmic localization of MtRBP1. Moreover, Laporte et al. (2010) reported binding of the ENOD40 RNA molecule also with the SNARP peptides, which are further described in detail below. One can speculate that forming ENOD40 RNA–protein interactions may be related to the facilitation of the translation of small proteins like the SNARPs. The picture is even more complex, as it was also found that the soybean ENOD40 sPEPs, named ENOD40-A and ENOD40-B, covalently bind to sucrose synthase, thereby stimulating its sucrose cleavage activity and protein stability. This suggests that the ENOD40 peptides are involved in the control of sucrose use in incipient nodules (Röhrig et al., 2002, 2004). Because the activity of sucrose synthase in plant tissues and organs correlates with the sink strength of these tissues, the ability to attract sucrose, and because sucrose synthase is involved in nodule initiation and essential for effective nitrogen fixation in nodules, it was suggested that the ENOD40 peptides may increase the carbon sink strength in pre-dividing root cortical cells and in mature nodule tissues (Röhrig et al., 2002, 2004).

Thus altogether, it seems that the ENOD40 genes of legumes act both as a structured RNA molecule and by encoding sPEPs (Bardou et al., 2011). However, how the reported activities of the RNA molecule or the sPEPs are related to the key ENOD40 functions in the activation of cell divisions in the root cortex and nodule primordium initiation remains a conundrum that requires more investigations.



PLANT PEPTIDES REGULATING NODULE NUMBER

CLE Peptides, Signals in the Autoregulation of Nodulation

The plant has to maintain the balance between the gains and costs of the formation and functioning of the symbiotic nodule, which are energy and carbon demanding processes. That is why legumes control the number of nodules formed on their roots. Both available nitrogen (mainly nitrate) sources and newly forming nodules restrict the initiation and progression of nodule development in the zone susceptible for rhizobial infection (Pierce and Bauer, 1983). Kosslak and Bohlool (1984) demonstrated with split-root inoculation experiments the existence of a long-distance signaling mechanism called autoregulation of nodulation (AON), which prevents the formation of new nodules on the whole root system after the initiation of nodule development at the first inoculation site [for review, see Reid et al. (2011) and Mortier et al. (2012)]. Using nodule excision experiments (Nutman, 1952; Caetano-Anolles and Gresshoff, 1990) and various split-root approaches including the use of bacterial and plant mutants as well as Nod factors revealed that this systemic regulatory signal is generated very rapidly after root hair curling and before the initiation of visible cortical and pericycle cell divisions, while its strength increases with progression of development (Kosslak and Bohlool, 1984; Mathews et al., 1989; Olsson et al., 1989; Caetano-Anolles and Gresshoff, 1990, 1991; van Brussel et al., 2002; Li et al., 2009). After the isolation of plant mutants defective in nitrate- and autoregulation of nodulation (Carroll et al., 1985; Park and Buttery, 1989; Wopereis et al., 2000; Penmetsa et al., 2003), it was demonstrated with the help of grafting experiments (Delves et al., 1986) that the shoot plays an important role in AON. It was proposed that in the developing nodule, the graft-transmissible signal cue (Q) is produced and is transported to the shoot where it induces the synthesis of the shoot-derived inhibitor (SDI), which suppresses nodulation (Delves et al., 1986; Caetano-Anolles and Gresshoff, 1991). In addition, the nitrate-tolerant phenotype of the mutants indicated that nitrate- and autoregulation pathways share genetic components. Map-based cloning of the mutated genes (HAR1 in L. japonicus, NARK in Glycine max, SUNN in M. truncatula) identified a receptor kinase (Nishimura et al., 2002; Searle et al., 2003; Schnabel et al., 2005) that is the closest legume homolog of the Arabidopsis Clavata1 (CLV1) receptor (Clark et al., 1997). Also by genetic analysis, the receptor-like kinases KLAVIER and the membrane protein CLV2 were later identified as likely co-receptors of HAR1 in L. japonicus (Miyazawa et al., 2010; Krusell et al., 2011). Arabidopsis CLV1 functions in a protein complex controlling stem cell proliferation by short-distance signaling in shoot apices. As CLV1 is known to act as a receptor for the shoot apical meristem regulator CLV3 of the CLV3/ESR-related (CLE) small secreted peptide family (Fletcher et al., 1999; Cock and McCormick, 2001), it was immediately hypothesized that the ligand of HAR1, the signal Q, might be a CLE peptide (Nishimura et al., 2002). Indeed, it was shown that a few genes from the gene family encoding CLE peptides in legumes have Nod factor-dependent nodule-enhanced or even -specific and/or nitrate-dependent expression, and their ectopic expression led to systemic HAR1/SUNN/NARK-mediated repression of nodulation by interference with the nodulation signaling pathway (Okamoto et al., 2009; Mortier et al., 2010; Reid et al., 2011; Saur et al., 2011). Interestingly, the L. japonicus CLE-RS2 gene plays a role in both nitrate- and nodulation dependent regulation, and its expression is under dual regulation by the Nod factor signal transduction pathway during nodulation via the NIN transcription factor and independently from it by nitrate exposition via the NIN-like transcription factor NRSYM1 (Okamoto et al., 2009; Soyano et al., 2014; Nishida et al., 2018). In contrast, soybean responds to nodulation by the expression of the GmRIC1 and GmRIC2 genes, while nitrate induces the expression of GmNIC1, another CLE encoding gene (Reid et al., 2011). The translated products of the CLE genes undergo extensive post-translational modifications and proteolytic processing resulting in 13 amino-acid long mature peptides with hydroxylated prolines in the fourth and the seventh positions (Okamoto et al., 2013). In addition, the hydroxyproline in the seventh position is glycosylated with three arabinosyl residues (Okamoto et al., 2013) by the activity of the RDN1 and RDN1-related proteins (Schnabel et al., 2011; Kassaw et al., 2017). The glycosylation by the tri-arabinosyl oligosaccharide is absolutely required for the activity of the peptides because mono-arabinosylated peptides or peptides only with hydroxy-prolines have no biological activity (Imin et al., 2018). The hypothesis that a CLE peptide is signal Q that travels from the root to the shoot to bind to HAR1 has been proven by showing that the triple-arabinosylated peptide CLE-RS2 is transported through the xylem of L. japonicus and binds directly to HAR1 (Okamoto et al., 2013). On the other hand, the nature of the SDI, which is produced after CLE-mediated activation of its shoot receptor is less clearly defined but, in L. japonicus, it involves cytokinin production in the shoot via the CLE-HAR1/SUNN/NARK-activated isopentenyltransferase gene IPT3, suggesting that SDI is a cytokinin derivative or that the shoot-derived cytokinins generate a secondary signal (Sasaki et al., 2014). In line with this hypothesis, it was shown by petiole feeding of soybean leaf extracts from AON-induced plants that SDI is a small molecular weight (<1 kDa) molecule that is heat-stable and resistant against the activity of proteases and RNases (Lin et al., 2010). The inhibition of nodulation in the roots by SDI further requires the F-box protein Too Much Love (TML), whose target molecules are not yet known (Takahara et al., 2013; Sasaki et al., 2014).

CEP Peptides, Positive Effectors of Nodulation Efficiency

Another class of post-translationally modified peptides, the CEP molecules, was also found to regulate systemically nodule formation but unlike the CLE peptides, having a positive effect on nodule number. These peptides are involved in controlling other developmental processes as well, such as lateral root development and nitrate transporter deployment. All these functions are related to assuring the adequate nitrogen supply for plants, and by this means, CEPs can be central molecules coordinating these processes (Taleski et al., 2018). Several CEP genes were induced by low-nitrogen conditions in M. truncatula (Imin et al., 2013). Among them, MtCEP1 was shown to positively influence the number of nodules on M. truncatula roots and at the same time to negatively control lateral root formation. Both overexpression of MtCEP1 and adding synthetic MtCEP1 peptide resulted in increased nodule number and size, as well as more efficient nitrogen-fixation, and even partially tolerating high-nitrogen levels, which typically strongly suppresses nodulation (Imin et al., 2013). MtCEP1 peptide treatment also increased the root competency for nodule development as well as infection thread formation. MtCEP1 could also alleviate the inhibitory effects of increased ethylene-precursor levels on nodulation without affecting the ethylene production (Mohd-Radzman et al., 2016). This work has revealed an interface between MtCEP1 and the phytohormone-mediated signaling that regulates nodulation efficiency and plant susceptibility to infection in M. truncatula. Genetic evidence presented by Mohd-Radzman et al. (2016) also proved that the positive effect of MtCEP1 on nodulation is dependent on COMPACT ROOT ARCHITECTURE 2 (CRA2) (Huault et al., 2014) through—at least in part—the ethylene signal-transduction pathway including MtEIN2/SKL (ETHYLENE INSENSITIVE2; SICKLE) (Penmetsa and Cook, 1997; Oldroyd and Downie, 2008). CRA2, which is the putative receptor of MtCEP1, was shown to act positively on root nodule formation systemically from the shoot (Huault et al., 2014), however, independently from the AON regulation. Thus, CRA2 and MtCEP1 represent a new systemic circuit of regulation on nodulation.

The functional, 15 amino acid long CEP family members are processed from non-functional prepropeptides and decorated with similar post-translational modifications as CLE peptides. CEP genes encode prepropeptides with an N-terminal secretion signal sequence, a variable domain, one or more conserved CEP domains, and one or more flanking variable regions (Ogilvie et al., 2014). MtCEP1 has two conserved CEP domains, D1 and D2. CEPs are frequently hydroxylated at various proline residues and the pattern of hydroxylation has an influence on their biological activity (Delay et al., 2013; Imin et al., 2013; Mohd-Radzman et al., 2015). MtCEP1 D1 peptide variants were also identified with tri-arabinosylation at proline in the 11th position (Mohd-Radzman et al., 2015). A recent work by Patel et al. (2018) analyzed the secreted peptidome of Medicago hairy root cultures and xylem sap and found completely new versions of the MtCEP peptides. Some of them possessed unexpected N- and C-terminal extensions that suggested roles for endo- and exoproteases in CEP peptide maturation. These authors determined not only the structure of these molecules with various length and modifications but also chemically synthesized different MtCEP1 D1 variants to test their biological activities. The peptides with N-terminal extensions were unable to increase root nodule number, while the variant with only one amino acid C-terminal extension had biological activity. Unexpectedly, tri-arabinosylated MtCEP1 D1 derivatives had a reduced capacity to increase nodule numbers. Thus, this post-translational modification seems to have a different effect on the biological activity of CLE and CEP peptides. It remains to be determined whether these modifications affect the perception of the CEPs by their receptor and what are the elements involved in the transduction of the CEP signal. Furthermore, the exact biological meaning of tri-arabinosylation of the CEP peptides needs further analysis. The intriguing opposing effect of this post-translational modification on nodule-inhibiting CLE and nodule-stimulating CEP suggests that arabinosylation of peptides plays key regulatory roles in the peptides’ activity controlling nodule numbers that can integrate the AON and CRA2/CEP regulatory circuits.



NODULE-SPECIFIC PEPTIDES TARGETED TO THE SYMBIOSOME

Nodule-Specific Peptides Governing Terminal Bacteroid Differentiation

Beijerinck (1888) described the bacteroids in Vicia faba nodules as “derived from bacteria by a metamorphic process, that have lost their ability to reproduce… They are derived from normal Bacillus radicicola (probably a Rhizobium leguminosarum sp.) by a stepwise loss in their power of reproduction. Bacteria that are still capable of growth on gelatin plates can be isolated in large numbers from the very young root nodules, as well as from the actively growing regions of older root nodules.” This remarkably precise account, made 130 years ago, is one of the first descriptions of bacteria housed in legume nodules and it drew already the attention to the striking differentiation process of the bacteria in nodules. Since then, this process has been on and off (but mostly off) the scientific agenda of researchers in the field, and it is only since the last 15 years, with the discovery of the NCR peptides that we see a renewed interest. Beijerinck made drawings of large, often Y-shaped terminally differentiated bacteroids. Such bacteroids were observed in the nodules of Vicia, Pisum, and Medicago species belonging to the IRLC and were thought to be characteristic features of the indeterminate nodules. Later works revealed that (i) terminal bacteroid differentiation is not universal in the legume family and depends on the genetic repertoire of the host plant (Mergaert et al., 2006); (ii) it is not a general characteristic of the indeterminate nodules (Ishihara et al., 2011); (iii) the ability to direct bacterial differentiation into swollen (most probably terminally differentiated) bacteroids evolved independently in five out of the six investigated subclasses of the Papilionoideae subfamily (Oono et al., 2010); (iv) terminally differentiated bacteroids fix nitrogen more efficiently than unaltered ones (Sen and Weaver, 1984; Oono and Denison, 2010); (v) that the process is in large part determined by nodule-specific peptides called NCRs and possibly other secreted peptides. Comparative nodule transcriptome analysis of two model legumes, M. truncatula and L. japonicus hosting terminally differentiated and unaltered bacteroids, respectively, in their nodules identified three gene families in M. truncatula encoding secreted peptides that are missing from the L. japonicus transcriptome (Kevei et al., 2002; Mergaert et al., 2003; Laporte et al., 2010; Trujillo et al., 2014). These families, called the NCRs, the GRPs, and the SNARPs are described below.

The Nodule-Specific NCRs of M. truncatula

The Extremely Large NCR Gene Family

The genes in the largest family with over 700 members in M. truncatula code for peptides termed nodule-specific cysteine-rich (NCR) peptides (Mergaert et al., 2003). Nearly all NCR genes are exclusively expressed in the infected cells of the nodules (Mergaert et al., 2003; Guefrachi et al., 2014). The gene products are characterized by four or six cysteines in conserved positions in the otherwise extremely divergent mature peptide sequence and by a relatively conserved signal peptide sequence. The structure of the NCR peptides resembles that of defensins, innate immunity effectors in plants, which have the capacity to target and kill infecting microbes. Many NCRs have indeed antimicrobial activity; however, they are different from defensins in many aspects (Maróti et al., 2011; Maróti and Kondorosi, 2014). Unlike defensins, NCR peptides have no role in immunity; they only have a function in symbiosis and are targeted to the bacteroids as was shown by immunological methods (Van de Velde et al., 2010) and by detecting over 200 peptides in the bacteroid proteome (Durgo et al., 2015; Marx et al., 2016). The plethora of NCR peptides, evolving with gene duplication and diversifying selection, reflects likely multiple interactions with bacterial targets and many diverse modes of actions.

NCR Peptides Control Terminal Bacteroid Differentiation

Treating rhizobia with NCR peptides or ectopic expression of NCR genes in legumes devoid of NCRs provoked symptoms of terminal differentiation (endoreduplication of the bacterial genome together with enlargement of the cell, loss of cell division capacity, increased membrane permeability) indicating that these peptides govern the differentiation process (Van de Velde et al., 2010). Further evidence came by blocking the transport of NCR peptides to the bacteroids in the M. truncatula signal peptidase complex mutant, which resulted in the complete absence of bacteroid differentiation (Van de Velde et al., 2010; Wang et al., 2010). The mode of action of the more than 600 NCR peptides in M. truncatula remains elusive except for a few cases and their activity might be quite different based on the low sequence similarity of the individual members. The high diversity in amino acid sequence and composition of the mature peptides provide large variations in their physicochemical properties, which is reflected also by the wide spectrum of isoelectric points (pI) ranging from 3.5 to 10.5. Roughly one-third of the NCRs are cationic while the rest are anionic or neutral (Montiel et al., 2017).

Most studies have been focused on the cationic NCR peptides as in vitro they possess strong antimicrobial activity against a wide range of Gram-negative and Gram-positive bacteria as well as unicellular and filamentous fungi (Tiricz et al., 2013; Ördögh et al., 2014). This bactericidal and mycocidal activity is mediated via the disruption of the integrity of microbial membranes (Ördögh et al., 2014; Mikuláss et al., 2016). However, these experiments were performed at high concentrations of synthetic NCR peptides, which do not reflect and are most likely incomparable with the peptide concentrations in the nodule cells where, in addition, many other NCRs, cationic and non-cationic ones are present that might act together.

Terminal bacteroid differentiation is accompanied by endoreduplication when the genome of the bacteria duplicated without cell division. A crucial step of the cell division is the formation of the Z-ring, assembled by polymerization and localization of the FtsZ protein at the future site of the septum, required for separating the mother and daughter cells (Lutkenhaus and Addinall, 1997). The cationic NCR247 peptide does not provoke membrane damage at sub-lethal concentrations but enters the bacterial cytosol and drastically alters the physiology of the bacterium manifested by disappearance of proliferating cells and appearance of septum-less elongated cells. The NCR247 peptide binds to FtsZ and this interaction abolishes polymerization of FtsZ and thereby septum formation (Farkas et al., 2014). Interestingly, the same symbiotic cells produce another peptide, NCR035, which in growing bacterial cultures localizes to the septum and this localization can be abolished by treating rhizobia with the NCR247 peptide (Farkas et al., 2014). Thus, it seems that more than one peptide might affect single biological pathways and processes, particularly those with key importance in symbiosis, such as stopping bacterial proliferation in the host cell. Moreover, the NCR247 peptide attenuates the expression of critical cell cycle regulator genes ctrA, gcrA, dnaA as well as cell division genes, including genes required for Z-ring function, among others (Tiricz et al., 2013; Penterman et al., 2014), another way to regulate the cell cycle of the developing bacteroids. In addition, this peptide inhibits translation not only by downregulating the expression of ribosomal genes but also via binding to several ribosomal proteins. NCR247 might thus contribute to the altered proteome and physiology of the bacteroids. These effects could be amplified by binding of NCR247 to the GroEL chaperon modifying presumably interaction of GroEL with other proteins (Farkas et al., 2014).

Other Roles of NCR Peptides

At present, it is unknown what the role and the extent of the NCRs’ antimicrobial activity are during symbiosis. In addition to the expected much lower NCR concentrations in the nodules than the ones used in in vitro experiments, non-cationic peptides present in the NCR cocktails produced by a given symbiotic cell might counteract the killing effect of the cationic peptides. An intriguing possibility is that the cationic peptides facilitate somehow the uptake of the acidic and neutral ones or act in complexes in the membranes and/or in the cytoplasm. Indeed, NCR247 was shown to interact with two anionic NCRs (Farkas et al., 2014), but the promotion of uptake of these peptides by NCR247 has not been demonstrated. The antibacterial activity of NCRs likely keeps rhizobia on the verge of destruction, manifested in the immediate and NCR-dependent death of bacA mutant bacteria in the nodule. The BacA protein is a peptide transporter that provides tolerance toward the antimicrobial activity of the NCR peptides (Haag et al., 2011).

The role of neutral and anionic NCRs, on the other hand, is a great enigma. They were shown to accumulate in the bacteroids and they might be major players providing a plethora of novel activities. However, at present, it is unknown how they enter the bacteria and what they do there. Unlike the cationic NCRs, none of the tested neutral or anionic NCRs showed antimicrobial activity (Tiricz et al., 2013; Ördögh et al., 2014). The NCR211 required for the development of effective nodules (see below) is so far the only anionic peptide, which has a mild antibacterial activity (Kim et al., 2015).

Despite the high amino acid sequence variation, the large number of NCR peptides suggested redundant functions making their genetic analysis difficult. However, map-based cloning from plant mutants unable to establish nitrogen-fixing symbiosis led to the identification of single peptides (NCR169 and NCR211) that are required for the development of the effective interaction. Their absence resulted in the arrest of bacteroid differentiation and/or in the loss of bacteroid persistence (Horváth et al., 2015; Kim et al., 2015) via a mechanism unknown at present. An interesting and kind of opposing activity of the NCR peptides is their involvement in the selection of the bacterial partner: Incompatibility between M. truncatula ecotype Jemalong and Sinorhizobium meliloti strains Rm41 and A145, which form effective symbiosis with other Medicago partners, results in the elimination of the bacterial partner from the nodule region where nitrogen fixation should take place. This elimination is mediated by allelic variants of two NCR peptides, called NFS1 and NFS2, but the process cannot be explained by a stronger antimicrobial activity of the incompatible variants because the sensitivity of compatible and incompatible bacteria is quite similar (Yang et al., 2017; Wang et al., 2017, 2018). The phenotypes of mutants in NCR169 and NCR211 and the NFS1 and NFS2 alleles clearly suggest that antimicrobial activity is not the only mode of action of members of the NCR family.

The Evolution of NCRs in the IRLC

The IRLC is a clade of legumes, which is mostly constituted by temperate herbaceous tribes such as the Galegeae, Carmichaelieae, Cicereae, Hedysareae, Trifolieae, Vicieae, as well as the tropical tribe Millettieae (Callerya, Wisteria, and related genera) (Wojciechowski et al., 2000). Based on similarity searches, NCRs were first recognized in nodule EST sequencing data of several IRLC species from distinct genera and subclades (Frühling et al., 2000; Györgyey et al., 2000; Jimenez-Zurdo et al., 2000; Crockard et al., 2002; Fedorova et al., 2002; Kaijalainen et al., 2002; Kato et al., 2002; Mergaert et al., 2003; Chou et al., 2006). Nodule transcriptome sequencing from species representing the main subclades (Hedysaroid, Astragalean, and Vicioid) of the IRLC as well as analysis of RNA-Seq data from other IRLC species shed light on the evolution of NCRs in the IRLC (Montiel et al., 2017). It was shown that the numbers of NCR genes are highly variable (from 7 to >700) and expanded independently in different lineages of IRLC legumes. In nodules of Glycyrrhiza uralensis (the most basal IRLC legume) infected with Mesorhizobium tianshanense, only seven NCR genes have been identified, none of them encoding peptides with positive charge (Montiel et al., 2017). M. tianshanense bacteroids display symptoms of terminal differentiation, however, the swelling of the bacteroids represents a mild morphological response, compared to the drastic enlargement of Y-shaped bacteroids in several Vicioid legumes (Montiel et al., 2016). The small cocktail of NCRs produced by G. uralensis and the absence of cationic peptides seems to be insufficient to induce irreversible differentiation in Sinorhizobium fredii, a rhizobial strain abnormally resistant to the antimicrobial action of NCR247 and NCR335 (Crespo-Rivas et al., 2016). The GuNCRs identified until now, are likely the ancestor symbiotic peptides in the IRLC, since each of them have at least one putative ortholog in another IRLC legume from different genera (Montiel et al., 2017). The presence of recognizable orthologs between different genera is, however, rather rare. For example, only a few orthologs can be predicted among the closely related species M. truncatula and M. sativa. The Vicioid legume Cicer arietinum represents a peculiar case, where 20 CaNCRs have putative orthologs in the non-Vicioid species G. uralensis, O. lamberti, A. canadensis, and O. viciifolia, but surprisingly none in any Vicioid legume. In addition, the 63 NCRs found in the nodule transcriptome of C. arietinum represent a considerably low number, compared to the large gene families in Galega orientalis, Ononis spinosa, Pisum sativum, and Medicago spp., all of them part of the Vicioid subclade (Wojciechowski et al., 2004; Montiel et al., 2017). Additionally, the swollen and spherical bacteroids of C. arietinum nodules contrast with the elongated-branched bacteroids in other legumes located in the same subclade such as Medicago sp., G. orientalis, P. sativum, V. faba, and Trifolium repens (Mergaert et al., 2003, 2006; Montiel et al., 2016). In general, a positive correlation was found between the degree of bacteroid elongation and the number of the expressed NCRs (Montiel et al., 2017). Legumes with elongated-branched bacteroids express hundreds of NCRs, characterized by a large proportion of cationic peptides with a well-defined isoelectric point (Montiel et al., 2017). Spherical bacteroids can be found both in C. arietinum and O. spinosa nodules; however, these species share no evident NCR pattern (Lee and Copeland, 1994; Montiel et al., 2016; Montiel et al., 2017). These clues indicate that NCR gene families took different evolutionary trajectories, showing variable duplication rates (Alunni et al., 2007; Montiel et al., 2017) that were likely favored by transposable elements located in flanking regions of NCR genes as shown in M. truncatula (Satgé et al., 2016). Clearly, the enrichment of cationic NCRs with particular isoelectric points had great impact on the morphology of the hosted endosymbionts.

NCR Genes in Dalbergoid Legumes

Terminal bacteroid differentiation is not restricted to the IRLC legumes (Oono et al., 2010). The Dalbergoid clade is one of the other legume groups in which bacteroids, similar to the IRLC legumes, differentiate into polyploid and strongly enlarged bacteria (Czernic et al., 2015). Depending on the host species, these bacteroids have either an elongated morphology similar as in Medicago (e.g., Aeschynomene afraspera, Aeschynomene nilotica) or they can be almost perfect, large spheres as in C. arietinum and O. spinosa (e.g., in Aeschynomene indica, Aeschynomene evenia, and Arachis hypogaea). Transcriptome analysis in different Aeschynomene species identified a family of peptide genes with similar features as the IRLC NCRs. They are secretory peptides, characterized by conserved cysteine motifs in the mature domain. However, the Aeschynomene NCR peptides have no sequence similarity to the IRLC NCRs [for example, the spacing and number (six or eight) of cysteines is different]. They form thus a separate family of peptides. The genes encoding the Aeschynomene NCRs are only expressed in nodules and they are activated just before the onset of bacteroid differentiation. They are expressed only in the symbiotic nodule cells and a proteome analysis of purified bacteroids demonstrated that the peptides are targeted to them. Moreover, blocking the secretory pathway by RNAi targeting one of the subunits of the signal peptidase complex inhibits bacteroid differentiation (Czernic et al., 2015) as was described before in M. truncatula mutated in the orthologous gene (Van de Velde et al., 2010). Another parallel with the bacteroid differentiation in Medicago is the requirement of a BacA-like peptide transporter, named BclA, in Bradyrhizobium symbionts for the interaction with Aeschynomene (Guefrachi et al., 2015). In the absence of this transporter in the bclA mutant, the bacteroids do not differentiate into their polyploid and elongated forms and die, exactly as the phenotype of the S. meliloti bacA mutant in Medicago nodules (Haag et al., 2011).

Together, these similitudes between the Aeschynomene and the IRLC suggest that bacteroid differentiation in the Dalbergioid clade, which evolved independently from the bacteroid differentiation in the IRLC clade (Oono et al., 2010), is based on very similar mechanisms used by IRLC legumes. Nevertheless, some unresolved questions remain. One of them is that a recent transcriptome analysis in A. hypogaea failed to detect homologs of the Aeschynomene NCR genes (Karmakar et al., 2018). However, this study identified another, small, family of cysteine-containing peptides, related to the antimicrobial PR-1 family and the authors suggested the involvement of these peptides in bacteroid differentiation. Alternatively, the A. hypogaea and Aeschynomene NCR peptides diverged too much to be identified by homology and a specific bioinformatics search for small, secreted, and cysteine-rich peptides would be required to identify them. A second open question that requires further investigation is the absence of detectable in vitro activity of the Aeschynomene peptides (Czernic et al., 2015). As described above, many of the Medicago peptides show a strong action against bacteria, including arrest of division and membrane permeabilization and complete cell lysis (Tiricz et al., 2013; Ördögh et al., 2014; Mikuláss et al., 2016). None of the thus far tested Aeschynomene peptides displayed such an activity on the Brabyrhizobium symbionts of Aeschynomene nor on any other tested bacterium including ones that show a strong response to the Medicago peptides. All identified peptides in the Aeschynomene transcriptome are either neutral or anionic while the most active antimicrobial NCR peptides of Medicago are positively charged. In addition, the Bradyrhizobium symbionts seem to be very robust bacteria that are highly resistant to antimicrobial peptides including the most active Medicago NCR peptides with a broad spectrum of activity. This robustness of bradyrhizobia is due to their very tough cell envelope. Contrary to most other rhizobia, bradyrhizobial envelopes contain hopanoids, a class of bacterial lipids, similar to eukaryotic steroids (cholesterol). They are known to render bacterial membranes more rigid and resistant to membrane stresses, including ones caused by antimicrobial peptides (Belin et al., 2018). And indeed, hopanoid mutants of Bradyrhizobium become more sensitive to Medicago NCR peptides and other antimicrobial peptides (Kulkarni et al., 2015). Altogether, this leaves open the question how the Bradyrhizobium symbionts in the symbiotic cells of Aeschynomene nodules are manipulated by the host to respond to these host signals.

The formation of spherical bacteroids in some hosts like the Dalbergoid A. indica or A. evenia as well as in the IRLC C. arietinum and O. spinosa is an additional unsettled point. In A. indica, the spherical bacteroids are formed through an intermediate stage of elongation similar to the bacteroids in other Aeschynomene or in Medicago (Czernic et al., 2015). It is unknown if the transition from elongated to spherical morphotypes is the result of the action of specific NCR peptides or of another host factor.

Nodule-Specific Glycine-Rich Proteins (GRPs)

Glycine-rich protein-encoding genes are a second group of nodule-specific transcripts that seems to be restricted to the IRLC. They were originally identified in V. faba and Medicago spp. (Küster et al., 1995; Schröder et al., 1997; Györgyey et al., 2000; Jimenez-Zurdo et al., 2000; Kevei et al., 2002; Alunni et al., 2007). The GRP gene family is much smaller than the NCR one with less than 30 members in M. truncatula (Alunni et al., 2007).

Glycine-rich proteins have been described in a wide variety of plant species performing variable roles including activity in biotic and abiotic interactions of the plants with their environment (Sachetto-Martins et al., 2000). Semi-repetitive glycine regions characterize GRP sequences that can be classified according to the presence of different binding motifs or a signal peptide (Mangeon et al., 2010). Usually, GRPs have around 80% glycine content arranged in specific motifs, but the nodule expressed secreted GRPs are shorter polypeptides than the usual GRPs and possess only 20–30% glycine residues without any recognizable motif. Interestingly, the signal peptide sequence of the nodule-specific GRPs found in IRLC legumes is also a distinctive feature not shared with the signal peptides of GRPs from other plant species (Kevei et al., 2002; Alunni et al., 2007).

A recent search for GRPs revealed that these peptides are also expressed in the nodules of representative species from the Astragalean and Hedysaroid subclades along with G. uralensis (J. Montiel, unpublished). However, the size of GRP families is considerably lower in the non-Vicioid species compared to the Vicioid legumes G. orientalis, C. arietinum, O. spinosa, and Medicago spp. Unlike the NCR gene families, the enrichment and diversification of the GRP families show no correlation with the morphotype of the hosted bacteroids, and rather seems to be specific for members of the Vicioid subclade (J. Montiel, unpublished). The expression profile of the GRPs in the different nodule zones is another relevant difference to NCRs. In M. truncatula, 39% of GRP transcripts are present in the infection zone, the nodule tissue where bacteroid differentiation takes places (J. Montiel, unpublished), while this region contributes only to 18% of NCR transcripts (Roux et al., 2014; Montiel et al., 2017). This observation indicates that several GRPs are potentially involved in bacteroid differentiation (Kevei et al., 2002; Kondorosi et al., 2013). Gene characterization of different GRPs through reverse genetics could help to understand the role(s) played by these proteins in nodulation and their high diversification within Vicioid legumes.

SNARPs or LEED..PEEDs

The SNARPs or LEED..PEEDs form a small family, 10–13 members, of small secreted and nodule specific peptides in Medicago (Laporte et al., 2010; Trujillo et al., 2014). These peptides are not longer than 70 amino acids and are characterized by one or two conserved domains of acidic amino acid residues, the LEED or PEED domains, hence, one of their names (Trujillo et al., 2014). They were also characterized as RNA-binding peptides, from there, the other name, small nodulin acidic RNA-binding protein, or SNARP in short (Laporte et al., 2010). Intriguingly, this peptide family is specific to the Medicago lineage (M. truncatula and M. sativa) because homologous sequences are absent in all other genomes of legumes or other plant species, showing that the family arose within this clade during the past 25 million years (Trujillo et al., 2014). Their expression, similarly to the above described NCR and GRP peptides, is absolutely nodule specific with transcripts only found in the distal and proximal infection zones, the interzone and the nitrogen fixation zone of nodules while they are absent in all other plant tissues. This expression pattern suggests a specific role of these peptides in the later stages of nodule development, potentially in symbiotic cell differentiation or bacteroid formation. As described above, two members of the family, SNARP1 and SNARP2 were identified in a yeast three-hybrid screen for proteins that interact with the MtENOD40 mRNA (Campalans et al., 2004). In vitro biochemical studies further demonstrated that the SNARP2 protein has non-specific binding activity to single-stranded RNA (Laporte et al., 2010). On the other hand, the LEED..PEED/SNARP proteins are secretory proteins indicating that they should be localized in the endomembrane system, the symbiosomes, or in the extracellular space (Laporte et al., 2010). How these putative localizations, which—except for the bacteroids in the symbiosomes—supposedly do not contain RNA, can be reconciled with the RNA-binding activity of these peptides needs further investigation. However, even if their molecular role is still unclear, the importance of SNARP peptides in nodule development is strongly supported by RNAi inactivation of the MtSNARP2 gene, which led to the formation of abnormal nodules (Laporte et al., 2010). In these nodules, infection of symbiotic cells and bacteroid formation seemed to proceed normally but the symbiotic cells and their bacteroids were not stably maintained and degenerated prematurely. Thus, even if these reverse genetic experiments conclusively demonstrate the importance of the SNARP peptides for normal symbiotic cell formation, they raise at the same time new questions. Why are these peptides essential in Medicago nodules while these peptides are absent in closely related legumes such as pea, clover, or chickpea (Trujillo et al., 2014), which form nodules very similar in structure and function to the Medicago nodules?



CONCLUDING REMARKS

The large number of different peptides and peptide families that we have described here are those for which at least a minimal amount of evidence demonstrates a specific role in symbiosis. But they might just as well be only the tip of the proverbial “peptide-iceberg.” Small proteins have traditionally escaped gene prediction efforts in plant genomes because algorithms were biased against them by a concern to avoid wrongful annotations. However, in recent years, predicting peptide genes in plant genomes by dedicated bioinformatics tools have provided the insight that functional genes encoding small peptides are massively hidden in plant genomes (Silverstein et al., 2005, 2007; Lease and Walker, 2006; Hanada et al., 2013; Pan et al., 2013; Ghorbani et al., 2015; de Bang et al., 2017). Combined with transcriptomics, peptide predictions have been the impetus for the functional characterization of many of the above described peptides. In a recent large scale effort, the Mt4.0 and Mt3.5v5 releases of the M. truncatula genome were re-annotated using a suite of bioinformatics programs with the specific aim to search for ORFs encoding small secreted peptides (SSPs) (de Bang et al., 2017). This approach yielded a comprehensive catalog of almost 2,000 genes from 46 previously defined SSP families, including all the above described families. In addition, another catalog of almost 2,500 genes encoding putative novel SSPs was established. Focusing on SSP genes, known or suspected to function via receptor-mediated signaling, a transcriptome analysis by RNA-seq was performed during a time course of nodule formation and in response to Nod factors. This analysis revealed 365 differentially expressed known signaling SSPs plus an additional several hundred genes encoding putative novel SSPs. The very large majority of these differentially expressed genes were up- or downregulated in developing or mature nodules. Their differential regulation during the early stages of nodulation and Nod factor signaling has not yet been tested thoroughly. But in any case, these results suggest an unanticipated complexity and importance of peptide-mediated signaling in the orchestration of the symbiosis.
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Root nodule symbiosis (RNS) is a symbiotic interaction established between angiosperm hosts and nitrogen-fixing soil bacteria in specialized organs called root nodules. The host plants provide photosynthate and the microsymbionts supply fixed nitrogen. The origin of RNS represents a major evolutionary event in the angiosperms, and understanding the genetic underpinnings of this event is of major economic and agricultural importance. Plants that engage in RNS are restricted to a single angiosperm clade known as the nitrogen-fixing clade (NFC), yet occur in multiple lineages scattered within the NFC. It has been postulated that RNS evolved in two steps: a gain-of-predisposition event occurring at the base of the NFC, followed by a gain-of-function event in each host plant lineage. Here, we first explore the premise that RNS has evolved from a single common background, and then we explore whether a two-step process better explains the evolutionary origin of RNS than either a single-step process, or multiple origins. We assembled the transcriptomes of root and nodule of two actinorhizal plants, Ceanothus thyrsiflorus and Datisca glomerata. Together with the corresponding published transcriptomes of the model legume Medicago truncatula, the gene expression patterns in roots and nodules were compared across the three lineages. We found that orthologs of many genes essential for RNS in the model legumes are expressed in all three lineages, and that the overall nodule gene expression patterns were more similar to each other than expected by random chance, a finding that supports a common evolutionary background for RNS shared by the three lineages. Moreover, phylogenetic analyses suggested that a substantial portion of the genes experiencing selection pressure changes at the base of the NFC also experienced additional changes at the base of each host plant lineage. Our results (1) support the occurrence of an event that led to RNS at the base of the NFC, and (2) suggest a subsequent change in each lineage, most consistent with a two-step origin of RNS. Among several conserved functions identified, strigolactone-related genes were down-regulated in nodules of all three species, suggesting a shared function similar to that shown for arbuscular mycorrhizal symbioses.

Keywords: actinorhizal plants, evolution, nitrogen fixation, nitrogen-fixing clade, orthology, root nodule symbiosis, transcriptomics


INTRODUCTION

Root nodule symbiosis is a symbiotic interaction established between certain groups of angiosperm hosts and nitrogen-fixing soil bacteria that are housed in specialized organs called root nodules. The host plants provide photosynthate to their microsymbionts, and in turn the microsymbionts provide fixed nitrogen to their host plants.

This symbiotic relationship enables host species to thrive in nutrient-poor soils, and thus these RNS hosts play a major role in terrestrial ecosystems as pioneer plants (Chapin et al., 1994). Moreover, legumes play key roles in agriculture, where plant-based biological nitrogen fixation accounts for as much as 10% of the total nitrogen fixed in the world (Herridge et al., 2008; Fowler et al., 2013). Thus, understanding the genetic underpinnings of the origin of RNS not only provides insight into a major biological event in the evolution of angiosperms, but is also of major economic and agricultural importance.

RNS occurs in ten families of angiosperms within four orders: Fabales, Rosales, Cucurbitales, and Fagales. Molecular phylogenetic studies have revealed that these four orders, which were previously considered to be distantly related within the angiosperms (Cronquist, 1988), together form a clade known as the nitrogen-fixing clade (NFC) (Soltis et al., 1995). Within each of the four orders, RNS occurs in a subset of the families, which are phylogenetically scattered within each order (Swensen, 1996), and within each family, RNS is restricted to a subset of the genera.

There are several possible hypotheses regarding the evolutionary origin of RNS that can explain this restricted (found only among orders of the NFC) yet scattered (found only in some families and genera of the NFC) distribution of RNS hosts (Doyle, 2011). The single-origin hypothesis proposes that the capability of forming nitrogen-fixing root nodules evolved once in the MRCA of the NFC and was subsequently lost multiple times independently in the currently non-fixing lineages. The multiple-origin hypothesis proposes that the evolution of RNS occurred independently at least six and as many as ten times (Doyle, 2011). The two-step hypothesis postulates that a predisposition for, i.e., propensity to subsequently gain, RNS was first gained at the base of the NFC, which was then followed by a gain of function that occurred independently in the aforementioned six to ten different lineages (Soltis et al., 1995; Swensen, 1996; Werner et al., 2014).

The two-step hypothesis has been supported by phylogenetic analysis based on the distribution of RNS hosts within the NFC (Werner et al., 2014). The hypothesis can parsimoniously explain the restricted yet scattered phylogenetic distribution of RNS hosts, but raises the question, what was the genetic basis of the “predisposition” to RNS?

In addition to the phylogenetic evidence, several shared cellular, molecular, and genetic characteristics of RNS hosts in different lineages are consistent with a common evolutionary predisposition to RNS: (1) all RNSs result in a stable accommodation of the microsymbiont within the host cells (Pawlowski and Demchenko, 2012); (2) homologs of many essential genes required for RNS in the model legumes Medicago truncatula and Lotus japonicus have been shown to be expressed in the nodules of non-legume RNS hosts (Hocher et al., 2011; Demina et al., 2013); (3) calcium oscillation, an early host physiological response, is induced during initiation of RNS in both legume and non-legume hosts (Granqvist et al., 2015).

Multiple lineages sharing these aforementioned series of characters support the common descent of RNS across multiple lineages (i.e., supports single-origin and two-step hypotheses over multiple-origin hypothesis), but some morphological, cellular, and molecular characteristics are clearly distinct in different lineages of RNS hosts (Pawlowski and Demchenko, 2012), which could favor a multiple-origin hypothesis. Most notably, RNS hosts in two families (Fabaceae and Cannabaceae) associate with rhizobia as their microsymbiont, while the hosts in the remaining eight families associate with members of the actinobacterial genus Frankia. These eight families are collectively called the actinorhizal plants. Most Frankia genomes lack the genes coding for Nod factor, the signaling molecule responsible for the initiation of RNS in the model legumes (Oldroyd, 2013), but homologs for the nodABC genes have been identified in some groups of Frankia (Persson et al., 2015; Nguyen et al., 2016). Similarly, some legume hosts can be nodulated by rhizobia without the Nod factor signaling pathway (Okazaki et al., 2015). Therefore, a range of different mechanisms for initiating RNS must exist among the legumes and the actinorhizal plants.

Transcriptomes generated via RNA-seq represent a powerful source of data that can provide a comprehensive set of characters. In the present study, we have used evidence from comparative transcriptomics and molecular evolutionary analyses to test the competing hypotheses for the evolutionary origin(s) of RNS. To this end, we assembled the root nodule and root transcriptomes of two actinorhizal plant species, Ceanothus thyrsiflorus (Rhamnaceae, Rosales) and Datisca glomerata (Datiscaceae, Cucurbitales) and compared them to published transcriptomes of M. truncatula (Fabaceae, Fabales) (Roux et al., 2014). We conducted differential gene expression analysis between nodules and roots to determine a set of genes that are root- or nodule-enhanced for each species. Then, to allow interspecific comparisons, phylogeny-based orthology prediction was conducted across the three species and other taxa that are either members or close outgroups of the NFC.

We first explored if RNS has evolved from a single common evolutionary event that occurred at the base of the NFC, regardless of whether this event gave rise to the function or the predisposition of RNS. To test the homology of RNS in the three species, we first focused on the presence/absence of orthologs in C. thyrsiflorus and D. glomerata for 19 genes required for the initiation and development of root nodules in the model legumes M. truncatula or L. japonicus, because both the single-origin hypothesis and the two-step hypothesis would require that at least some of the orthologs of genes required for nodulation would be shared among all RNS hosts. Determining orthology is an improvement with respect to previous studies that have identified homologs of genes required for RNS in legumes in several actinorhizal plants (Hocher et al., 2011; Demina et al., 2013), as orthologs are a subset of homologs that are most likely to be functionally equivalent according to ortholog conjecture (Koonin, 2005; Altenhoff et al., 2012). A recent study has taken a similar approach, comparing nodule gene expression in Parasponia spp. the only non-legume host that can establish RNS with rhizobia, to M. truncatula (van Velzen et al., 2018).

Second, we compared the overall expression patterns of orthologous genes across the three species between roots and nodules. Our assumption was that a significant degree of similarity across the three species, which are known to belong to three different lineages of RNS hosts (Doyle, 2011), is not expected if they had completely independent origins of RNS. Thus, sharing a significant degree of similarity would refute the multiple-origin hypothesis, and indicate a single common ancestor for RNS. Gene expression analysis and orthology predictions allowed us to identify a set of genes that showed a consistent pattern of differential expression across the three species, which we designated as the core set of genes for RNS.

Then, we have further explored which of the three competing hypotheses best explains the origin of RNS, particularly whether a single-origin or a two-step process better explains the evolutionary basis of RNS. For this, we employed a model-based phylogenetic test. We focused on the fact that the three hypotheses each assume different timing(s) for the gain-of-predisposition or gain-of-function event leading to RNS in the evolutionary history of the NFC. We assumed that gain of a new function would result in a change in selection pressure on that gene, which should be reflected in the average ratio of non-synonymous to synonymous mutations (dN/dS) (Hurst, 2002) in the coding regions of the gene. Thus, for each set of orthologs, we tested when (if ever) each member gained a new function by calculating dN/dS on key branches of their respective phylogenetic trees.



RESULTS

Transcriptome Assembly and Completeness

Illumina HiSeq platform generated a total of 376,256,549 and 303,175,236 paired-end reads (150 bp) for C. thyrsiflorus and D. glomerata, respectively. After cleaning, >97% (342,814,393 reads) and >91% (296,864,053 reads) of these pairs were kept for the transcriptome assembly (Supplementary Table S1, NCBI BioProject ID: PRJNA422680). Trinity (Grabherr et al., 2011) generated root + nodule transcriptomes for C. thyrsiflorus and D. glomerata with 675,696 transcripts (480,254 genes) and 444,766 transcripts (309,847 genes), respectively. After curating (three screenings and collapsing of alleles), the cleaned transcriptome of C. thyrsiflorus and D. glomerata consisted of 15,245 and 15,448 genes, respectively (Supplementary Table S2, NCBI BioProject ID: PRJNA422680). In both transcriptomes, N50, the length of the shortest transcript that covers 50% of the transcriptome, was >2.1 kb, average was >1.8 kb, and median was >1.6 kb. Over 76% and 81% of the cleaned reads mapped onto the cleaned transcriptomes of C. thyrsiflorus and D. glomerata, respectively (Supplementary Table S2).

Within each of the three root + nodule transcriptomes (C. thyrsiflorus, D. glomerata, and M. truncatula), BUSCO found 62.4%, 82.2%, and 93.6% of the plant-universal orthologs (Supplementary Table S3). In the M. truncatula genome, BUSCO found 95.5% of the plant-universal genes (Supplementary Table S3). The number of ECs found for each biosynthetic pathway based on KEGG-KAAS server searches overall showed similar results across the three transcriptomes and the genome: of the 410 separate pathways listed in KEGG, only 15 of them differed in their enzyme counts by more than 2 between any transcriptome or genome (Table 1 and Supplementary Table S4). Transcripts coding for 11 out of the 14 enzymes in the sequiterpenoid/triterpenoid pathway were expressed in M. truncatula while only five and four enzymes were found in C. thyrsiflorus and D. glomerata transcriptomes, respectively; for the isoflavonoid biosynthesis pathway, 9 of the 14 enzymes were expressed in M. truncatula, while only one each was expressed in C. thyrsiflorus and D. glomerata.

TABLE 1. Enzymes in selected KEGG biosynthetic pathways represented in transcriptomes and M. truncatula genome, showing more than two enzyme differences per pathway among the three hosts.
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Annotation, Differential Gene Expression

The root + nodule transcriptomes of C. thyrsiflorus and D. glomerata and the genome of M. truncatula were annotated (by KO, EC, and/or GO) for 88.1%, 85.0%, and 60.9% of the genes, respectively (Supplementary Table S5). No abnormalities in the mean variance trend of gene expressions were found by limma (Ritchie et al., 2015), and there was a clear distinction in gene expression patterns between the roots and the nodules for all three species (Supplementary Image S1). Differential gene expression analysis found 19.2% (2,932 root-enhanced and 745 nodule-enhanced), 34.2% (2,726 root-enhanced and 2,550 nodule-enhanced), and 34.6% (4,819 root-enhanced and 4,965 nodule-enhanced) of genes significantly differentially expressed in the C. thyrsiflorus, D. glomerata, and M. truncatula transcriptomes, respectively.

In the GO enrichment analysis, although particular annotated functions (GO terms) were enriched in roots or nodules of an individual species, when the results were compared across the three species, no common or similar patterns of enrichment were found (Supplementary Table S6).

Validation of RNA-seq With qPCR of cDNA Library

A subset of the gene expression patterns calculated based on RNA-seq were validated by qPCR. Of the 14 genes tested (seven genes in each of the two actinorhizal species), 13 showed similar log-fold changes in expression as the RNA-seq results. Of these 13 genes, eight of which were <2 log2-fold change apart from the RNA-seq results. NRT1.8 in C. thyrsiflorus showed an expression pattern in conflict with the RNA-seq results (Supplementary Table S7).

Orthology Predictions

Orthologs for each gene in the C. thyrsiflorus and D. glomerata transcriptomes and the M. truncatula genome were predicted independently using OrthoReD (Battenberg et al., 2017), a tree-based orthology prediction tool. OrthoReD predicted orthologs for all genes within the C. thyrsiflorus transcriptome, D. glomerata transcriptome, and the M. truncatula genome (total of 81,587 genes). Because OrthoReD predicts a set of orthologs for each gene independently, the predicted sets of orthologs for different genes are not always mutually exclusive. Thus, in order to avoid analyzing the same gene multiple times for the same analysis, orthologous sets were merged into 27,367 mutually exclusive groups (MergedOrthoGroups).

We note here that these orthologs are predicted based on the specific dataset that was analyzed. Including a more complete dataset for example by replacing the C. thyrsiflorus and D. glomerata transcriptomes with genomes, or by including more species may result in different predictions.

TABLE 2. Fold changes (nodule over root) and adjusted p-values of symbiotic pathway genes.
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Presence and Expression Patterns of RNS Pathway Genes

We selected 19 genes that are required for the development of nodules in M. truncatula and L. japonicus to specifically search for orthologs in C. thyrsiflorus and D. glomerata transcriptomes. Of these, OrthoReD identified orthologs for 17 and 18 genes in C. thyrsiflorus and D. glomerata transcriptomes, respectively (Table 2). These orthologs spanned from the most upstream step (e.g., NFR1, SYMRK) to NIN, one of the key transcription factors for RNS (Figure 1). OrthoReD found transcripts with high sequence similarity (putative homologs) at its intermediate step in orthology prediction for all 19 genes including FNR5 and HMGR in C. thyrsiflorus and HMGR in D. glomerata (Table 2).
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FIGURE 1. Orthologs or homologs of genes involved in the initiation of root nodule symbiosis identified in four actinorhizal hosts. A spatial and sequential model of genes (indicated as boxes) involved in the initiation of root nodule symbiosis based on M. truncatula and/or L. japonicus. Genes are diagrammed at locations where the model expects the gene product to be localized in the root tissue. Orthologs are shown as solid colors; homologs are shaded. (A,B) Genes with orthologs detected in this study: (A) C. thyrsiflorus, and (B) D. glomerata. (C–E) Respectively: homologs detected in D. glomerata according to Demina et al. (2013); homologs detected in A. glutinosa according to Hocher et al. (2011); homologs detected in C. glauca according to Hocher et al. (2011).



Three of the 19 RNS pathway genes were found to be universally nodule-enhanced: SYMREM (Lefebvre et al., 2010), a remorin that is known to interact with NFR1, in the most upstream portion of the RNS pathway; NIN (Schauser et al., 1999), a key transcription factor that is one of the more downstream RNS pathway genes required for nodule organogenesis; and RPG (Arrighi et al., 2008), a gene required for the proper growth and regulation of the infection thread that is key to the establishment of RNS in M. truncatula (Table 2). Fourteen of the RNS pathways genes were found to have an ortholog in all three taxa, but there was not a significant universal enhancement of gene expression in this group of genes (i.e., passing both criteria for fold change and p-value) in a single tissue (root vs. nodule). At the same time, none of these genes showed a significant conflicting pattern of gene expression (nodule-enhanced in one ortholog while root-enhanced in another) across different species (Table 2).

Expression Similarity Analysis

We used two approaches to compare differential (root vs. nodule) gene expression patterns among the three species, on a pairwise basis. We parsed out 3,894 whole and 3,033 subsets of MergedOrthoGroups (total of 6,927 MergedOrthoGroups) as the representative MergedOrthoGroups for these analyses (Supplementary Table S8). Of the 19 RNS pathway genes, 15 were represented within these MergedOrthoGroups (Table 2). The representative MergedOrthoGroups included 49.2%, 51.0%, and 38.7% of the root + nodule transcriptomes of C. thyrsiflorus, D. glomerata, and M. truncatula, respectively. Among the 6,927 representative MergedOrthoGroups, 3,365 (48.6%) of them were enhanced in at least one tissue in at least one of the three species (Figure 2). Among these, there were 103 core MergedOrthoGroups that showed universal enhancement either in the nodule (n = 51) or in the root (n = 52) across the three species (Figure 2). The nodule-enhanced core MergedOrthoGroup included sets of orthologs for SYMREM, NIN, and RPG as described above in section “Presence of RNS Pathway Genes and Their Gene Expression Patterns.”


[image: image]

FIGURE 2. Gene expression overlap among the representative MergedOrthoGroups. (A) Concentric circles each represent MergedOrthoGroups that showed significant enhancement in different number of species: The innermost circle represents the MergedOrthoGroups showing enhancement in all three species; the next circle represents significant enhancement in two species then one, and the outermost while circle is for MergedOrthoGroups showing no significant enhancement in any species. (B,C) The number of MergedOrthoGroups that showed significant enhancement in nodules (B) or in roots (C). The three colors red, blue, and green correspond to C. thyrsiflorus, D. glomerata, and M. truncatula, respectively.



First, based on the Pearson correlation coefficient, we found that the gene expression fold changes between roots and nodules were weakly to moderately correlated (r = 0.18–0.38 for the three pairwise species comparisons) when all 6,927 representative MergedOrthoGroups were analyzed. The correlations were stronger for MergedOrthoGroups whose expression was enhanced in roots compared to nodules, of both species being compared (r = 0.25–0.47), and strongest for MergedOrthoGroups whose expression was enhanced in the nodules of both species being compared (r = 0.43–0.60) (Figure 3). The correlations were statistically significant in all cases (p < 0.01) (Figure 3).
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FIGURE 3. Pearson correlation of gene expression fold change between two species. Gene expression fold change (nodule over root) is plotted as a comparison between each pair of species. The Pearson correlation coefficient calculated from all representative MergedOrthoGroup (in gray) is displayed in the second quadrant along with the corresponding p-value. The Pearson correlation coefficient of root co-enhanced MergedOrthoGroups (in blue) and nodule co-enhanced MergedOrthoGroups (in red) are displayed in the third and the first quadrant, respectively. Blue and the red lines each show the regression lines of root and nodule co-enhanced MergedOrthoGroups, respectively.



Second, the degree and significance of overall similarity in gene expression between each pair of species was assessed using a scale, which we call the dissonance score (see section “Expression Similarity Analysis” in Materials and Methods for detail and Supplementary Image S2 for a summary). Dissonance scores across all MergedOrthoGroups for all pairwise species comparison showed that the expression patterns of nodules compared to roots in the three species were more similar to each other than by random chance in all pairwise comparisons across the three species. In fact the dissonance score from any of the 10,000 random permutations conducted for each pairwise comparison was never lower than the observed value (p < 0.0001).

TABLE 3. Enriched Gene Ontology (GO) terms among the root- and the nodule-enhanced core MergedOrthoGroups that are shared across the three species.
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Gene Ontology (GO) Enrichment Analysis of the Core MergedOrthoGroups

Gene Ontology terms (GO terms) provide gene annotations that permit grouping into integrated biological processes (Ashburner et al., 2000; Gene Ontology Consortium, 2017). A few GO terms were universally enriched in the comparison of core MergedOrthoGroups across the three host species: nitrate transport (GO:0015706), and metabolic processes of zeatin and trans-zeatin (GO:0033397, GO:0033398, GO:0033400, GO:0033466) were universally enriched in nodules; while strigolactone biosynthesis (GO:1901600, GO:1901601), secondary shoot formation (GO:0010223, GO:0010346), and cellular response to NO (GO:0034614, GO:0071731, GO:0071732, and GO:1902170) were universally enriched in roots (Table 3 and Supplementary Image S3).

Enrichment of GO terms related to a nitrate transporter in the nodule was due to universal up-regulation of a set of orthologs (MergedOrthoGroup008002) corresponding to NRT1.8 in Arabidopsis, a low-affinity nitrate transporter hypothesized to export nitrate from xylem to xylem parenchyma cell (Li et al., 2010).

The set of orthologs responsible for the enrichment of GO terms related to cytokinin (MergedOrthoGroup005893) was CYP735A, a cytokinin hydroxylase that catalyzes the biosynthesis of trans-zeatin in Arabidopsis (Takei et al., 2004). We also found another set of orthologs (MergedOrthoGroup008876) coding for IPT (isopentenyl transferase) (Azarakhsh et al., 2015) up-regulated in the nodules of C. thyrsiflorus and D. glomerata, but down-regulated in the M. truncatula nodule.

Enrichment of GO terms related to strigolactone biosynthesis in the roots was due to universal up-regulation of two sets of orthologs: MAX4 (MergedOrthoGroup000413), a likely carotenoid dioxygenase (Sorefan et al., 2003), D27 (MergedOrthoGroup006746), a carotenoid isomerase (van Zeijl et al., 2015a). A third set of universally up-regulated orthologs, DLK2 (MergedOrthoGroup000413), has been classified under the strigolactone GO term, but was recently shown not to be involved in strigolactone signaling (Waters et al., 2012; Bennett et al., 2016; Vegh et al., 2017). These three sets of orthologs were also annotated to be related to secondary shoot formation.

Enrichment of the GO term related to NO in the roots was due to universal up-regulation of two sets of orthologs: MergedOrthoGroup006609, a gene coding for a histidine kinase (AHK5) (Iwama et al., 2007), and MergedOrthoGroup001248Sub001 which did not have a well-documented member.

dN/dS Analysis

We used a molecular phylogenetic approach to model changes in selection pressure along key branches in the phylogenies of selected MergedOrthoGroups. These consisted of 3,894 MergedOrthoGroups that (1) contained at least one member from each of C. thyrsiflorus, D. glomerata, and M. truncatula, and (2) were identical to a set of orthologs predicted from a single gene with respect to all 15 species, were used in this analysis. These included 58 core genes (showing a consistent pattern of differential expression among the three target nitrogen-fixing species) as well as 9 of the 19 known RNS pathway genes: SYMRK, NUP85, NUP133, CASTOR, POLLUX, NSP2, ERN1, NIN, and LHK1.

For each MergedOrthoGroup, the likelihoods of up to three different hypothesis-based scenarios (SINGLE, MULTI, and TWOSTEP), each of which predicts a different timing for a change in dN/dS, were compared to a NULL scenario, which assumes a constant dN/dS throughout the gene phylogeny (Figure 4).
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FIGURE 4. Different scenarios tested based on competing hypotheses of the origin of RNS. A phylogenetic tree of the NFC and its outgroup. The branches a through d designate the base of the NFC (a), C. thyrsiflorus (b), D. glomerata (c), and the legumes (d), respectively. The table below indicates the three hypothesis-based scenarios and where each scenario expects a change in dN/dS in the phylogeny. Species without a family label each belong to a separate family: A. thaliana (Brassicaceae), M. esculenta (Euphorbiaceae), P. trichocarpa (Salicaceae), C. thyrsiflorus (Rhamnaceae), C. sativus (Cucurbitaceae), and D. glomerata (Datiscaceae). Mal., Malpighiales. The topology of the tree is based on Angiosperm Phylogeny Group III (APG, 2009).



For each of the 3,894 MergedOrthoGroups, we tested whether any of the three hypothesis-based scenario (MULTI, SINGLE, or TWOSTEP) was significantly better than the NULL scenario (see section “dN/dS Analysis” in Materials and Methods for detail and Figure 4 for a summary). Among the 3,894 MergedOrthoGroups, 2,668 did not reject the NULL scenario and the remaining 1,226 did not reject one or more of the alternative scenarios (MULTI, SINGLE, or TWOSTEP).

Focusing on the branch at the base of the NFC (branch a in Figure 4), 1,166 MergedOrthoGroups did not reject scenarios that predict a change in selection pressure here (SINGLE and/or TWOSTEP). Of these, 364 MergedOrthoGroups (31.2%) rejected neither SINGLE nor TWOSTEP, 6 (0.5%) rejected TWOSTEP, and 796 (68.3%) rejected SINGLE. For branches leading to C. thyrsiflorus, D. glomerata, and the legumes (branches b, c, d in Figure 4, respectively), 1,220 MergedOrthoGroups supported scenarios that predict changes in selection pressure along those branches (MULTI and/or TWOSTEP). Of these, 1,150 MergedOrthoGroups (94.3%) rejected neither MULTI nor TWOSTEP, 60 (4.9%) rejected TWOSTEP, and 10 (0.8%) rejected MULTI (Table 4).

The 1,226 MergedOrthoGroups included a subset of core MergedOrthoGroups (9 universally nodule-enhanced, 10 universally root-enhanced). The pattern of scenarios not rejected in the analysis of the core MergedOrthoGroups was similar to that of the overall results: Among the core MergedOrthoGroups that did not reject a change of selection pressure at branch a (i.e., either SINGLE or TWOSTEP), a majority (76.5%) rejected the SINGLE scenario. In addition, among the core MergedOrthoGroups that did not reject changes in selection pressure at branches b, c, and d, most (89.5%) rejected neither the MULTI nor the TWOSTEP scenario (Table 4). Among the RNS pathway genes, only ERN1 rejected the NULL scenario and supported MULTI and TWOSTEP scenarios.



DISCUSSION

Newly Assembled Transcriptomes Are of High Quality

Both C. thyrsiflorus and D. glomerata root + nodule transcriptomes scored well in multiple measures of quality (e.g., proper insert size, long N50, and high % fragment mapped) throughout the assembly process. After the assembly, KEGG annotation found the two transcriptomes to have similar numbers of ECs to the M. truncatula transcriptome (and even to the M. truncatula genome) for most of the pathways (Table 1 and Supplementary Table S4). Both transcriptomes were annotated (by KO, EC, and/or GO) for >85% of the transcripts. Moreover, BUSCO found 62.4%, 82.2% of the plant-universal orthologs for C. thyrsiflorus and D. glomerata, respectively. Furthermore, all the qPCR validated the RNA-seq results except for one gene (Supplementary Table S7). This all together indicate that the root + nodule transcriptomes of C. thyrsiflorus and D. glomerata are of high quality.

Nodule Gene Expression Patterns in C. thyrsiflorus, D. glomerata, and M. truncatula Are More Similar to Each Other Than Would be Expected by Random Chance

Our analysis supports the homology (shared by common descent) of RNS among the three plant species based on multiple lines of evidence. First, orthologs for most of the 19 RNS pathway genes required for the proper nodulation in M. truncatula were present and expressed in the nodules of C. thyrsiflorus (17 out of 19 found) and D. glomerata (18 out of 19 found) (Figure 1). Transcripts with high sequence similarity were found, even for the few genes that did not have an ortholog predicted (Figure 1 and Table 2). Results of this orthology-based analysis strengthens previous homology-based reports (inferred based on high scores in BLAST searches) throughout the RNS pathway in D. glomerata, Alnus glutinosa (Betulaceae, Fagales) and Casuarina glauca (Casuarinaceae, Fagales) (Hocher et al., 2011; Demina et al., 2013); and are consistent with reports demonstrating functional equivalents (presumed orthologs) of a specific member of the RNS pathway, such as SYMRK (Markmann et al., 2008), CCaMK (Svistoonoff et al., 2013), and NIN (Clavijo et al., 2015), across multiple lineages. This is the first time, to our knowledge, that the entire pathway has been detected comprehensively in the context of a phylogenetically based orthology framework. It is also important to emphasize that the orthologs identified in our analysis included NFR1, NSP1, ERN1, and NIN, genes not shared with the more ancient AM symbiosis (Oldroyd, 2013). The presence and the expression of orthologs across these three species indicates that their existence predates the NFC, which is required for the RNS to share a common function and common origin across them.

In all pairwise comparisons of gene expression patterns between two species, we found a moderate to strong positive correlation for genes that were significantly enhanced in the nodules (r = 0.43–0.60); and there was a weak to moderate positive correlation for genes that were significantly enhanced in the roots (r = 0.25–0.47). The correlation was much weaker when all genes (including genes that are not necessarily presumed to be involved in RNS) were compared at once across two transcriptomes (r = 0.18–0.38) (Figure 2). While it is common to describe Pearson correlation coefficients of r = 0.20–0.39, r = 0.40–0.59, r = 0.6–0.79, as indicating weak, moderate, and strong correlation, respectively, meaningful interpretations of particular values depend on the context in which they were obtained, in this case, comparisons of transcriptomes across a considerable phylogenetic distance. For example, the Pearson correlation coefficient between the gene expression patterns between two sets of 20 plants in one species, Arabidopsis thaliana, was 0.81 (Kempema et al., 2007). By contrast, the comparisons made in our study are between pairs of different plant species that have been diverging for nearly 100 million years (Bell et al., 2010); thus, we consider that the values of r = 0.43–0.60 found for nodule-enhanced genes indicate a high degree of similarity and conservation, compared with 0.18–0.38 for all genes.

TABLE 4. Number and fractions of MergedOrthoGroups that show a change in dN/dS at branches a, b, c, and d in Figure 4.
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Finally, permutation tests based on the dissonance scores indicated that the overall gene expression patterns of the nodules in the three RNS hosts tested are more similar to each other than expected by random chance (p < 0.0001).

These results strongly support the homology of RNS in all three lineages, i.e., that their similarity is due to common descent. It is possible that other factors, such as similarity in the age of these tissues across the three transcriptomes, may have contributed to the similarity of the gene expression patterns. An increased spatiotemporal resolution for C. thyrsiflorus and D. glomerata, as obtained for M. truncatula through a time course transcriptome (Larrainzar et al., 2015) or tissue-specific transcriptome (Roux et al., 2014) would provide further clarity.

Features of RNS Conserved Among the Three Lineages

Orthologs of 17 or 18 of the 19 RNS pathway genes were expressed in the root + nodule transcriptomes of C. thyrsiflorus and D. glomerata, respectively, and three of them (SYMREM, NIN, and RPG) were universally nodule-enhanced (Table 2). The up-regulation of SYMREM, NIN, and RPG in the nodules was also found in A. glutinosa, and C. glauca (Hocher et al., 2011), and is consistent with what was found for NIN in D. glomerata (Demina et al., 2013). With the inclusion of C. thyrsiflorus, we now show that an up-regulation of SYMREM, NIN, and RPG in the nodules of RNS hosts is found in all four orders within the NFC.

Because the initiation and establishment of RNS consists of multiple developmental stages (Pawlowski and Demchenko, 2012; Roux et al., 2014), a high degree of spatiotemporal resolution is crucial to accurately trace the expression pattern of a gene (Roux et al., 2014; Larrainzar et al., 2015): Genes up-regulated only at a specific stage of nodule development may not be up-regulated within a transcriptome that is inclusive of the entire nodule. Thus, genes that are up-regulated (relative to root) in the whole nodule are expected either (1) to be so strongly nodule-enhanced in a given stage that they are detected as up-regulated even after averaging expression values over the whole nodule, or (2) to be nodule-enhanced throughout the process of nodulation. The latter expression pattern has been well documented in the case of NIN (Schauser et al., 1999). For the remaining genes, whose orthologs were not universally up-regulated in either nodules or roots (some were up-regulated in two hosts and non-significant in the third), a higher resolution of space and time would be helpful for accurate comparisons across species.

Among the processes found to be universally enriched in either nodules or in roots among the core genes, we focused on the following four processes based on the potential relevance to RNS.

Nitrate Transporter

Orthologs of NRT1.8, a low-affinity nitrate transporter, were significantly up-regulated in the nodules of all three species of RNS hosts. In A. thaliana, NRT1.8 is up-regulated by nitrate, and is hypothesized to export nitrate from xylem conducting cells to xylem parenchyma (Li et al., 2010). In M. truncatula, 50% of the expression of NRT1.8 ortholog was located in Zone I (Roux et al., 2014), which corresponds to the nodule meristem. However, there are no functional conducting xylem elements in root meristems of higher plants, which would be the tissue equivalent of Zone I of the root nodule. Moreover, nitrate is known to suppress nodulation in Ceanothus (Thomas and Berry, 1989) and in L. japonicus (Soyano et al., 2014). In L. japonicus, nitrate and NIN work antagonistically against each other (Soyano et al., 2014): NIN expression suppresses the activation of nitrate-induced genes while nitrate suppresses the activation of NF-YA1 and NF-YB1, the known targets of NIN. Taken together, these lines of evidence suggest that the function of NRT1.8 in the root nodules is not related to nitrate. While the understanding of NRT1.8 is still limited, the NRT1 family proteins are also capable of transporting signaling compounds and phytohormones: In A. thaliana, NRT1.1, NRT1.2, and NRT1.10 are involved in the transport of IAA, ABA, and glucosinolates, respectively (Chiba et al., 2015).

Strigolactone Biosynthesis

The genetic dissection of RNS has revealed that the pathway for its establishment shares many of its genes with the more ancient pathway to form AM symbiosis (Oldroyd, 2013). It is thus of substantial importance that D27 and MAX4, genes coding for the enzymes of the first and the third steps of strigolactone biosynthesis (Ruyter-Spira et al., 2013) are apparently suppressed in the nodules of all three nitrogen-fixing hosts (Table 3B). Strigolactone has a number of functions in plants (Besserer et al., 2006; Gomez-Roldan et al., 2008), particularly as a key regulator in root development, with possible regulatory feedback interactions with auxin transport and metabolism (Kapulnik and Koltai, 2014). Strigolactone is also a signaling molecule that initiates AM symbiosis by stimulating the branching and growth of hyphae of the AM fungi (Besserer et al., 2006). Within the mature AM symbiotic tissue, however, strigolactone is down-regulated (Kapulnik and Koltai, 2014).

A similar pattern may be inferred for RNS. Strigolactone has been shown to play a role in promoting nodulation in Pisum sativum, in that a strigolactone mutant formed fewer nodules than wild-type (Foo and Davies, 2011), although, strigolactone is not required for nodulation, since nodulation does occur in the mutant. The influence of strigolactone on nodulation in P. sativum seems to be limited to the early stage of infection thread formation (McAdam et al., 2017).

Thus, the down-regulation of strigolactone biosynthesis in the nodule tissue of three phylogenetically distinct hosts that was observed in this study could be a function derived from AM symbiosis, to inhibit a portion of the root system from forming further infection sites, or to limit a stage of root development from further growth, allowing for nodule development or maintenance.

The enrichment of the GO term related to secondary shoot formation in the root transcriptome is likely related to the pattern of strigolactone gene expression observed, since MAX4 plays a role in regulating branching in the shoot (Sorefan et al., 2003).

Cytokinin Biosynthesis

Up-regulation of genes associated with cytokinin biosynthesis and/or metabolism during the establishment of RNS is well documented in L. japonicus and M. truncatula (Tirichine et al., 2007; van Zeijl et al., 2015b; Gamas et al., 2017). Cytokinin in legume RNS is a major signal to the cortical cells to initiate nodule organogenesis by induction of NIN through the activation of a cytokinin receptor LHK1 (Tirichine et al., 2007). Since the up-regulation of NIN has been found in the nodules of A. glutinosa, C. glauca, and D. glomerata (Hocher et al., 2011; Demina et al., 2013), NIN is considered to play a major role in RNS in actinorhizal plants as well as in the legumes. We found a universal up-regulation of CYP735A, a gene coding for the biosynthesis of trans-zeatin. IPT was also up-regulated in the nodules in C. thyrsiflorus and D. glomerata. Although IPT was down-regulated overall in M. truncatula, this is likely explained by the fact that >98% of M. truncatula IPT ortholog (Medtr2g022140) expression was restricted to the pre-infected cells (Roux et al., 2014).

Nitric Oxide Response

The cellular response to NO was universally down-regulated in the nodules of the three host plants in this study. Two sets of orthologs responsible for this pattern were detected, but only one had an assigned name: AHK5, a histidine kinase originally identified in A. thaliana as a regulator of stress response in guard cells (Desikan et al., 2008). In M. truncatula, NO was found to be a regulator of nodule senescence: increased and decreased levels of NO led to quickening and delay of nodule senescence, respectively (Cam et al., 2012). Since the nodules used in this study were all in relatively early stages of development, NO production in the nodules would not be expected to be high. Moreover, NO binds to and reduces activity of glutamine synthetase (Melo et al., 2011), the key enzyme in primary N assimilation. Thus, the down-regulation of AHK5 would be important to maintain low concentrations of NO in the nodules. Alternatively, in Arabidopsis, AHK5 is known to confer resistance to pathogens such as Pseudomonas syringae and Botrytis cinerea (Pham et al., 2012). Moreover, AHK5 was most highly expressed in the roots of A. thaliana (Desikan et al., 2008). An inverse relationship exists between the host plant immune response and symbiotic processes established in the root nodules (Toth and Stacey, 2015). Down-regulation of AHK5 could be part of the mechanism that enables the harboring of bacterial cells within the plant cells.

dN/dS Analysis Disfavored the Single-Origin Hypothesis

Of the 3,894 MergedOrthoGroups, 31.5% (1,226) rejected the NULL scenario, which assumes a single rate of dN/dS throughout the tree. Of these 1,226 MergedOrthoGroups, 95.1% (1,166) supported a change in selection pressure at the base of the NFC. Among these, only 0.5% (6) rejected the TWOSTEP scenario while 68.3% (796) rejected the SINGLE scenario. The 58 core genes (MergedOrthoGroups), which should be strong candidates for playing key roles in the evolutionary origin of RNS, showed the same general pattern: 32.8% (19) rejected the NULL scenario, of which 89.5% (17) supported a change in selection pressure at the base of the NFC. Among these, 76.5% (13) rejected the SINGLE scenario, but none rejected the TWOSTEP scenario. We did not determine how many, if any, of the MergedOrthoGroups (i.e., sets of orthologous genes) are in fact the gene(s) that gave rise to RNS; thus our findings do not reject the single-origin hypothesis. However, the results of analyzing nearly 4,000 genes clearly disfavor the single-origin hypothesis.

Even the MergedOrthoGroups that rejected the TWOSTEP scenario are not in conflict with the two-step hypothesis, because the two-step hypothesis does not require the same gene to be responsible for both the gain-of-predisposition and the subsequent gain-of-function.



CONCLUSION

The evolution of RNS represents a major event in the biology of plant-microbe interactions (Doyle, 2016), and different explanations of the evolutionary origins have been proposed. We have demonstrated the genetic homology of RNS in the three lineages based on the presence of RNS pathway orthologs and the high similarity of gene expression patterns across the three species, thus demonstrating that RNS shares a common evolutionary event at the base of the NFC. At the same time, we show that most genes (regardless of whether the gene is involved in the process of RNS or not) that experience change in selection pressure at the base of the NFC also experienced subsequent changes in selection pressure at the base of each RNS host lineage. Taken together, our results are most consistent with the two-step hypothesis of the origin of RNS. The work of Werner et al. (2014) supported the two-step hypothesis, but was based on a single trait (capability to establish RNS) and had been criticized for being based on a flawed phylogenetic tree (Doyle, 2016; LPWG, 2017). Our findings provide additional support for the two-step hypothesis.

On the other hand, two recent papers suggest a more ancient origin of functional RNS within the NFC followed by multiple losses (Griesmann et al., 2018; van Velzen et al., 2018). In Cannabaceae (Rosales), Parasponia retains the capability for RNS, whereas closely related Trema has lost it (van Velzen et al., 2018). Within a single genus, Dryas octopetala (Rosaceae) apparently does not form root nodules, whereas other Dryas species retain this trait (Becking, 1984). In a larger scale, two recent studies found that NIN and RPG have been lost among plants within the NFC that are not RNS hosts multiple times (Griesmann et al., 2018; van Velzen et al., 2018). Since the known functions of these genes are specific to RNS, multiple losses are difficult to explain under two-step hypothesis where these genes would be maintained for millions of years after the gain-of-predisposition event until the gain-of-function event.

Based on the known phylogenetic distribution of RNS hosts, the gain-of-predisposition at the MRCA of the NFC followed by a gain-of-function has been postulated as a parsimonious hypothesis since the discovery of the NFC (Soltis et al., 1995). What is the genetic nature of the predisposition assumed in the two-step hypothesis? Natural selection can only operate on a “predisposition” if the predisposition has a function of its own. Otherwise, the propensity for a gain-of-function could not have been conserved for tens of millions of years in multiple lineages (Doyle, 2011; Werner et al., 2014; Li et al., 2015). Likewise, a single-origin hypothesis needs an explanation for its apparently unparsimonious distribution of RNS hosts within the NFC. The high cost of RNS might be an explanation (Griesmann et al., 2018), but no direct evidence is available yet. In either case, the key to answer this question depends on an understanding of the genetic underpinnings that led to RNS, which still remains incomplete.



MATERIALS AND METHODS

Plant Growth Conditions

Ceanothus thyrsiflorus var. thyrsiflorus plants as rooted cuttings were purchased from Cornflower Farms (Elk Grove, CA, United States). Plants were grown in a greenhouse in the Plant Sciences Department, University of California, Davis, Davis, CA, United States, under natural daylight (14–15 h light/9–10 h dark), and irrigated daily with deionized water. Shortly after arrival, original media was removed and the plants were transplanted into Stuewe D40H pots (6.4 cm × 25.4 cm) filled with media consisting of perlite:sand:fir bark:peat moss, 3:1:1:1. The roots were inoculated at the time of transplant. No preexisting root nodules were observed in any plants. Soil collected from the rhizosphere of Ceanothus velutinus shrubs growing in Sagehen Experimental Forest (Truckee, CA, United States) was used as inoculum. The soil inoculum was directly applied to the exposed root ball.

Datisca glomerata seeds were collected from wild D. glomerata plants growing in Gates Canyon, Vacaville, CA, United States. Surface-sterilized seeds were germinated on moistened autoclaved vermiculite in a MagentaTM GA-7 Plant Culture Box, in a controlled environment (25°C, 16 h light/8 h dark). Once seedlings reached approximately 2 cm, they were transplanted into 5 cm × 5 cm × 7 cm pots filled with the same media used for the C. thyrsiflorus cuttings, and moved to the same greenhouse as the C. thyrsiflorus cutting. Seedlings were irrigated daily with deionized water.

One-half-strength Hoagland’s solution without nitrogen (Hoagland and Arnon, 1938) was applied twice a week for 9 weeks. The roots were then cut back and repotted with fresh media. The re-grown roots were collected 6 days later, and frozen immediately in liquid nitrogen (see section “Tissue Sampling”).

Three days after the roots had been collected, seedlings were inoculated. Crushed nodules were collected from a different set of D. glomerata seedlings and used as inoculum. These previous seedlings had been inoculated with crushed nodules that originated from the same inoculum source as the C. thyrsiflorus cuttings described above.

Tissue Sampling

Roots tips and nodules of both C. thyrsiflorus and D. glomerata were collected as pairs from the same individual plants: for C. thyrsiflorus, pairs of root and nodule were collected from three individual plants; for D. glomerata pairs of root and nodule were collected from 6 individual plants. The C. thyrsiflorus nodules were collected 75 days or 96 days (11 or 14 weeks) after inoculation, and D. glomerata nodules were collected 24 days after inoculation. All plants were first placed under a halogen lamp at 250 μEm-2s-1 for over 1 h to stabilize photosynthesis. For roots, root tips (approximately 2.5 cm) were collected, and for nodules, whole nodules (ranging from single- to multi-lobed) were collected (Supplementary Image S4). To remove media particles, roots or nodules were rinsed in deionized water immediately before flash freezing in liquid nitrogen. The sampling process was kept under 5 min per plant. Frozen tissues were stored at -80°C until RNA extraction.

RNA Extraction, Sequencing, and Transcriptome Assembly

Total RNA was extracted from each sample (see Supplementary Table S9 for the concentrations and integrity scores for each RNA extracts). Barcode-indexed RNA-seq libraries were prepared in the DNA Technologies and Expression Analysis Cores at the University of California, Davis Genome Center (see Supplementary Table S10 for the adapter and barcode sequences, see Supplementary Image S5 for fragment sizes). The libraries were pooled in equimolar ratios for sequencing.

High-throughput sequencing was carried out in the DNA Technologies and Expression Analysis Cores at the UC Davis Genome Center. For C. thyrsiflorus, the pooled libraries were sequenced on a single lane of Illumina HiSeq 4000 (Illumina, San Diego, CA, United States) platform with paired-end 150 bp reads (PE150). For D. glomerata RNA-seq, the pooled libraries were sequenced on two lanes of Illumina HiSeq 2500 (Illumina) platform (PE150).

Raw sequence reads were trimmed based on read quality and adapter contamination using Scythe v0.991 (Buffalo, 2014) and Sickle v1.22 (Joshi and Fass, 2011) and the quality of cleaned reads were assessed using FastQC v0.11.2 (Andrews, 2010). Insert sizes were verified using Bowtie2 v2.2.6 (Langmead and Salzberg, 2012), Samtools v1.2 (Li, 2011), and Picard (Nazaire, 2017) (Supplementary Images S5, S6).

Cleaned high-quality paired-end reads were used to assemble a single root + nodule transcriptome using Trinity v2.20 (Grabherr et al., 2011) for C. thyrsiflorus and v2.06 for D. glomerata. The C. thyrsiflorus transcriptome was assembled on DIAG (Data Intensive Academic Grid) (White et al., 2010), and the D. glomerata transcriptome was assembled on the UC Davis Bioinformatics Core high-performance computing cluster. The newly assembled raw root + nodule transcriptomes were curated by passing through three independent screenings. In short, transcripts with low (<5) transcripts per million (TPM) in both tissues were removed in Screen-1 using RSEM v1.2.31 (Li and Dewey, 2011), transcripts with none or only short (<298 bp) CDSs were removed in Screen-2 using TransDecoder v3.0.1 (Haas et al., 2013) and ORFfinder (Wheeler et al., 2013), and transcripts with no similar sequence found in GenBank (Benson et al., 2005) non-redundant (nr) database were removed in Screen-3 using BLASTP v2.5.0+ (Altschul et al., 1990) (i.e., sequences with no hits better than 1e-20 were removed). Because neither the C. thyrsiflorus cuttings nor D. glomerata seedlings were clonal, alleles were collapsed using Allelepipe v1.0.28 (Dlugosch et al., 2013) (see Supplementary Data Sheet S1 for full description).

Validation of RNA-seq With Real-Time Quantitative Reverse Transcription PCR

The assembled sequences and their respective fold changes determined via RNA-seq were validated using real-time quantitative reverse transcription PCR (RT-qRT-PCR). A total of nine genes were selected for RT-qRT-PCR validation in each plant (Supplementary Table S7) using orthologs in D. glomerata and C. thyrsiflorus determined by OrthoReD (Supplementary Table S5): five genes that are universally nodule-enhanced (NIN, SYMREM, RPG, NRT1.8, CYP735A), two genes that are universally root-enhanced (MAX4, AHK5) according to the RNA-seq results, and two additional reference genes (Ubiquitin ligase, Glyceraldehyde 3-P Dehydrogenase) used as controls. The controls were selected based on the reference genes tested in Medicago sativa (Castonguay et al., 2015).

Primer-BLAST (Ye et al., 2012) was used to design all PCR primers (Supplementary Table S7). Default settings were used except the size of the product was limited to 90–160 bps. PCR primers were chosen to amplify a segment near the middle of the transcript. All PCR primer pairs had a self-complementarity score and self-3′-complementarity score below 8.

Roots and root nodules were sampled from three different individuals of C. thyrsiflorus and three different individuals of D. glomerata with the same methods used to sample material for RNA-seq. Here, the nodules of C. thyrsiflorus and D. glomerata nodules were 84 days (12 weeks) and 48 days after inoculation, respectively, and the inoculation was about a month earlier in the season compared to the samples used for RNA-seq.

RNA extraction was performed as described in RNA-seq experiments. This was followed by DNAse treatment using Turbo DNA-free kit (Thermo Fisher, CA, San Diego, United States). Efficacy of DNAse treatment was confirmed by negative PCR amplification targeting plastidic trnL gene (data not shown). cDNA libraries were constructed using SuperScriptTM III First-Strand Synthesis System Kit (Thermo Fisher, CA, United States) following manufacturer’s protocol. RT qRT-PCR was performed using VeriQuest Fast SYBR Green qPCR Master Mix (Thermo Fisher, CA, United States) following manufacturer’s protocol on a 7500 Fast Real-Time PCR system (Thermo Fisher, CA, United States).

Once the threshold cycle (CT) was determined for each reaction, the average CT for each gene was calculated for each tissue for each species. Then the CT values for the seven target genes (NIN, SYMREM, RPG, NRT1.8, CYP735A, MAX4, AHK5) were normalized using the CT of the reference. The nodule/root log2-fold change was calculated as the difference between the normalized CT values of nodules and roots. This was compared to the nodule/root log2-fold fold change estimated based on RNA-seq.

M. truncatula Transcriptome and Genome

Published root and nodule (15 days after inoculation) transcriptome data were obtained from a previous study (Roux et al., 2014). The genome sequence of M. truncatula, i.e., the full length CDSs of 50,894 genes, was obtained from Phytozome v11.0 (Goodstein et al., 2012) (Supplementary Table S3). For genes that were not expressed in either of the tissues, the expression levels, the log2-fold changes, and the associated p-values were considered 0, 0, and 1, respectively. For genes that were tissue specific, the log2-fold changes were set as 15 (+15 for nodule-specific, -15 for root-specific genes), and the associated p-values were set as 1 whenever the values were not already provided. Henceforth, M. truncatula genome will refer to all the genes within the genome while M. truncatula transcriptome will refer to the subset (28,260 genes) that is expressed in the roots and/or in the nodules.

Transcriptome and Genome Annotation

The C. thyrsiflorus and D. glomerata transcriptomes and the M. truncatula genome were annotated using InterProScan v5.21 (Jones et al., 2014) (options: -goterms -pa) and Trinotate v3.0.1 (Haas et al., 2013) (options: -E 1e-5 –pfam_cutoff DNC) in parallel, to provide transcript annotations according to KEGG orthology (KO), Enzyme commission (EC) number, InterPro ID, Pfam ID, EggNOG ID, GO ID. The M. truncatula genome was previously annotated (Roux et al., 2014), but was reannotated to have consistency across all three species.

Transcriptome and Genome Completeness

Two analyses were conducted in parallel to assess and compare the completeness of the three root + nodule transcriptomes and M. truncatula genome. BUSCO v2.0 with Embryophyte reference (Simao et al., 2015) (options: -m proteins -sp arabidopsis) was used to estimate the completeness based on the fraction of plant-universal single-copy orthologs found in each transcriptome or genome. Each transcriptome or genome was also passed through the KEGG-KAAS server (Moriya et al., 2007) as amino acids and used as a query in searches against all plant genomes via BLAST and annotated based on single-directional best hits (SBHs), to determine how many enzymes in terms of EC number are present within each biosynthetic pathway listed in KEGG.

Differential Gene Expression Analysis

Analyses of differential gene expression between the two tissues (nodule and root) for C. thyrsiflorus (n = 3) and D. glomerata (n = 6) were conducted using R v3.3.1 (R Core Team, 2013) with limma v3.3.3 Bioconductor package (Ritchie et al., 2015). Expected reads for each gene were estimated by using RSEM v1.2.31 (Li and Dewey, 2011) based on the mapping results of cleaned reads on to the root and the nodule transcriptomes and were used as the basis for the differential gene expression analysis. For M. truncatula (n = 3), the gene expression levels in the root and in the nodule, nodule/root log2-fold change, and associated adjusted p-values were obtained from a previous study (Roux et al., 2014). Genes with the log2-fold change over ± 1 and p-values (adjusted for repeated measures) of <0.005 for C. thyrsiflorus or <0.001 for D. glomerata and M. truncatula were considered to represent significantly differential expression. The p-value threshold for C. thyrsiflorus was set higher than the other two plants because limma did not generate any p-values < 0.001 due to less statistical power as a result of the fewer biological replicates for each tissue compared to D. glomerata.

Gene Ontology enrichment analysis (Gene Ontology Consortium, 2017) was conducted on both the root- and nodule-enhanced genes against the root + nodule transcriptome to detect GO terms and corresponding functions enriched in the root and the nodule. GO enrichment analysis was conducted using R v3.3.1 with topGO v2.28.0 Bioconductor package (Alexa and Rahnenfuhrer, 2016) based on gene counts of each GO term using runTest() (options: algorithm = ”classic”, statistic = ”fisher”). After calculating the raw p-values, to account for multiple testing, the significance of each GO term was tested through Benjamini–Hochberg procedure. The p-value thresholds was set at α = 0.01, and the false discovery rate was set at Q = 0.20.

Database for Orthology Comparison

To enable the comparison of orthologous sets of genes across and beyond the NFC, a nucleotide sequence database was constructed with 12 genomes (total CDSs) from species within the NFC and close outgroups in combination with the C. thyrsiflorus and D. glomerata transcriptomes and the M. truncatula genome (see Supplementary Table S11 for the complete list). These sequences were collected from three different databases: Phytozome v11 (Goodstein et al., 2012), Genome Explorer (Carleton College, 2010), and miyakogusa.jp 3.0 (Sato et al., 2008). A small fraction (<0.1%) of the CDSs originally collected could not be translated reliably due to ambiguous reading frames or premature stop codons. These sequences were removed from the analyses.

Orthology Predictions

Orthologs for each gene in the C. thyrsiflorus and D. glomerata transcriptomes and the M. truncatula genome were predicted independently using OrthoReD (Battenberg et al., 2017) (options: –blast_type NCBI –loci_threshold 10 –sander_schneider YES –overlap_threshold 0) with Vitis vinifera (Vitaceae, Vitales) set as the outgroup. In order to capture orthologs beyond the in-paralogs (Sonnhammer and Koonin, 2002) expected from the genome duplications in Fabaceae (Cannon et al., 2010) and Rosaceae (Potter et al., 2007), OrthoReD was modified to ignore gene duplication(s) within a single order (Customized version of OrthoReD1). For genes with multiple isoforms or alleles, orthologs were predicted independently for each member, and the union of the predictions of all isoforms was considered the set of predicted orthologs for the gene. The predicted orthologs were then merged into 27,367 non-overlapping MergedOrthoGroups using a custom Perl script (Supplementary Table S5).

In addition, orthologs of 19 genes from M. truncatula or L. japonicus whose functions in the establishment of RNS have been well characterized (Kouchi et al., 2010; Oldroyd, 2013) were also predicted (see Table 1 for the gene list). Reference sequences for these 19 RNS pathway genes were collected from GenBank, and verified in the database assembled in this study. OrthoReD with the same parameter settings as other sequences were used to predict orthology for L. japonicus genes.

Presence of RNS Pathway Genes

For each of the 19 RNS pathway genes, a set of genes was collected comprising every C. thyrsiflorus or D. glomerata gene that was (1) predicted as a putative ortholog starting with the reference gene as a query, and/or (2) predicted the reference gene as its putative ortholog. The presence/absence of orthologs for each gene identified as a part of the RNS pathway established in M. truncatula and/or L. japonicus was scored for each newly assembled transcriptome and compared to previous studies published on Alnus glutinosa and Casuarina glauca (Hocher et al., 2011), and D. glomerata (Demina et al., 2013).

Expression Similarity Analysis

From the 27,367 MergedOrthoGroups, we first parsed out whole MergedOrthoGroups, each of which: (1) contained at least one member from each of C. thyrsiflorus, D. glomerata, and M. truncatula; and (2) was identical to a set of orthologs predicted from a single gene. We also parsed subsets within the remaining MergedOrthoGroups that met the aforementioned two criteria only with respect to the three species C. thyrsiflorus, D. glomerata, and M. truncatula.

Then the gene expression pattern was scored as root-enhanced, nodule-enhanced, or not significantly different between the two tissues based on the differential gene expression analysis for each species for each MergedOrthoGroup. For MergedOrthoGroups where a single species was represented by more than one paralog, the gene expression pattern for this species was considered root- or nodule-enhanced if there was at least one significantly differentially expressed paralog, unless one or more of them were enhanced in one tissue and other paralog(s) were enhanced in the other tissue, in which case the MergedOrthoGroup was considered to be both root- and nodule-enhanced for that species. Among the representative MergedOrthoGroups, those that were either nodule-enhanced or root-enhanced in all three species were collected and designated as the core MergedOrthoGroups.

In order to determine the functions of RNS establishment that are conserved across the three species, root- and nodule-enhanced genes within the core MergedOrthoGroup were collected separately for each species, and GO enrichment analysis was conducted on these genes against their respective root + nodule transcriptome using the same conditions as described above.

Next, we tested how strongly the differences in gene expression between roots and nodules in each species are correlated with those of other species using the approach previously applied for measuring the similarities between biological replicates (Kempema et al., 2007). For each pair of species, the gene expression level fold changes between the two tissues were plotted for all MergedOrthoGroups. The Pearson correlation coefficient was then calculated separately for all MergedOrthoGroups, for MergedOrthoGroups that were nodule-enhanced in both species, and for those that were root-enhanced in both species using cor.test() available in R v3.3.1, stats package v3.3.1. For MergedOrthoGroups where at least one of the species was represented by more than one paralog, the most similar pair of fold changes was used as the representative.

Finally, the degree and significance of overall similarity in gene expression between each pair of species was assessed using dissonance scores (summarized in Supplementary Image S2). For each pair of species for each MergedOrthoGroup, the degree of dissonance between the species was calculated as the average pairwise difference in fold change between all transcripts for the two species belonging to that group (for some groups, one or more species was represented by more than one transcript). For example, the dissonance score (D) between two species A and B for a given MergedOrthoGroup each with m and n representative transcripts, was calculated as [image: image]. Next, the overall dissonance score between species A and B was calculated as the total sum of the dissonance scores of all representative MergedOrthoGroups. Finally, in order to determine the statistical significance of this measure, a permutation test (random resampling of fold change values with no replacement) was conducted to calculate the overall dissonance score for 10,000 replicates, and the p-value was calculated as the fraction of permutations that yielded an overall dissonance score equal to or smaller than the observed data.

The normal distributions of the total dissonance scores among the permutations were verified using R v3.3.1 with stats package v3.3.1 based on quantile-quantile plots and histograms generated using qqnorm() and hist() (Supplementary Image S7).

dN/dS Analysis

The aforementioned 3,894 MergedOrthoGroups, i.e., sets of orthologs that (1) contained at least one member from each of C. thyrsiflorus, D. glomerata, and M. truncatula, and (2) were identical to a set of orthologs predicted from a single gene, were used in this analysis.

The three competing hypotheses (single-origin, multiple-origin, and two-step hypothesis) differ in the expected timing(s) of gaining predisposition or function of RNS, the events that would have caused changes in selection pressures on the genes involved. A change in selection pressure can be detected as a change in the average ratio of non-synonymous to synonymous mutations (dN/dS) (Hurst, 2002).

For each MergedOrthoGroup, the likelihoods of up to three different hypothesis-based scenarios (SINGLE, MULTI, and TWOSTEP), each of which predicts a different timing for a change in dN/dS, were compared to a NULL scenario, which assumes a constant dN/dS throughout the gene phylogeny (Figure 4). The SINGLE scenario, based on the hypothesis of a single origin of RNS, assumes a different dN/dS along the branch leading to the base of the NFC (branch a in Figure 4) compared to the rest of the tree. The MULTI scenario, based on the hypothesis of multiple independent origins of RNS, assumes different values of dN/dS along the branches leading to C. thyrsiflorus, D. glomerata, and the legumes, (branches b, c, and d, respectively, in Figure 4) compared to the rest of the tree. The TWOSTEP scenario, based on the hypothesis of a gain of predisposition to RNS at the base of the NFC followed by independent gains of function in each lineage exhibiting RNS, assumes different values of dN/dS for all of the aforementioned branches (a through d in Figure 4) compared to the rest of the tree.

To serve as the basis for comparisons between these scenarios, a multiple sequence alignment (MSA) and a most-likely gene phylogeny were generated for each MergedOrthoGroup. Each MSA was generated using MAFFT v7.272 (Katoh and Standley, 2013) (options: –amino –localpair –retree 2 –maxiterate 1000). Two phylogenetic trees were constructed using RAxML v8.2.8 (Stamatakis, 2006) (options: -f d -m GTRGAMMAIX). The topology of one tree was constrained to the family level according to the established phylogeny (APG, 2009) (see Figure 4 as a reference), while the topology of the second tree was not constrained. For each tree, four parallel searches were carried out to prevent lodging on to local optima. To select one of the two trees for further analysis, the two trees were compared using a K-H test (Kishino and Hasegawa, 1989) through PAML v4.8 (Yang, 2007) (options: codeml, clock = 0, aaDist = 0, model = 0, NSsites = 0, fix_blength = -1). Unless the unconstrained tree was significantly better than the constrained tree (p < 0.05) the constrained tree was used for further analyses.

For each MergedOrthoGroup, the MSA was fitted onto the most-likely tree under the four scenarios to calculate the likelihood scores for each using PAML v4.8 (options: codeml, clock = 0, aaDist = 0, model = 2, NSsites = 0, fix_blength = -1). An S-H test (Shimodaira and Hasegawa, 1999) was carried out simultaneously in PAML. Scenarios significantly worse than the best (p < 0.05) were rejected, and MergedOrthoGroups that did not reject the NULL scenario were assumed to conform to the NULL scenario. In some MergedOrthoGroups for which the unconstrained topology was used, some scenarios were not tested because the clade required for the scenario was missing from the tree.

Hypothesis Testing

Based on the results generated by the methods described above, the three competing hypotheses (single-origin, multiple-origin, and two-step) were tested against each other. The multiple-origin hypothesis differs from the other two hypotheses in that it assumes completely independent gains of RNS in different lineages. To test this hypothesis, we used the presence/absence of RNS pathway genes in the two actinorhizal plants, and the gene expression patterns from the three different lineages for each orthologous set of genes, to see if the three lineages were significantly more similar to one another than expected by random chance (see section “Expression Similarity Analysis” under Material and Methods). A significant result would indicate the presence of a common evolutionary background among the three species compared (which are phylogenetically distantly related species distributed throughout the NFC), supporting single-origin or two-step hypothesis, and rejecting the multiple-origin hypothesis.

The dN/dS analysis directly compares the three hypotheses. Among MergedOrthoGroups that rejected the NULL scenario, MergedOrthoGroups that fail to reject only the MULTI scenario would be consistent with both the multiple-origin hypothesis and the two-step hypothesis, because the two-step hypothesis does not require the same gene to be the cause of both the gain-of-predisposition and the gain-of-function. However, such genes would be in conflict with the single-origin hypothesis because additional changes for each RNS host lineage are not assumed in this hypothesis. Likewise, genes that fail to reject only the SINGLE scenario would be consistent with either the single-origin hypothesis or the two-step hypothesis, but would be in conflict with the multiple-origin hypothesis. Finally, genes that fail to reject only the TWOSTEP scenario would be in conflict with both the multiple-origin and single-origin hypotheses, and would only be consistent with the two-step hypothesis.
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Plants within the Nitrogen-fixing Clade (NFC) of Angiosperms form root nodule symbioses with nitrogen-fixing bacteria. Actinorhizal plants (in Cucurbitales, Fagales, Rosales) form symbioses with the actinobacteria Frankia while legumes (Fabales) form symbioses with proteobacterial rhizobia. Flavonoids, secondary metabolites of the phenylpropanoid pathway, have been shown to play major roles in legume root nodule symbioses: as signal molecules that in turn trigger rhizobial nodulation initiation signals and acting as polar auxin transport inhibitors, enabling a key step in nodule organogenesis. To explore a potentially broader role for flavonoids in root nodule symbioses across the NFC, we combined metabolomic and transcriptomic analyses of roots and nodules of the actinorhizal host Datisca glomerata and legumes of the genus Medicago. Patterns of biosynthetic pathways were inferred from flavonoid metabolite profiles and phenylpropanoid gene expression patterns in the two hosts to identify similarities and differences. Similar classes of flavonoids were represented in both hosts, and an increase in flavonoids generally in the nodules was observed, with differences in flavonoids prominent in each host. While both hosts produced derivatives of naringenin, the metabolite profile in D. glomerata indicated an emphasis on the pinocembrin biosynthetic pathway, and an abundance of flavonols with potential roles in symbiosis. Additionally, the gene expression profile indicated a decrease in expression in the lignin/monolignol pathway. In Medicago sativa, by contrast, isoflavonoids were highly abundant featuring more diverse and derived isoflavonoids than D. glomerata. Gene expression patterns supported these differences in metabolic pathways, especially evident in a difference in expression of cinnamic acid 4-hydroxylase (C4H), which was expressed at substantially lower levels in D. glomerata than in a Medicago truncatula transcriptome where it was highly expressed. C4H is a major rate-limiting step in phenylpropanoid biosynthesis that separates the pinocembrin pathway from the lignin/monolignol and naringenin-based flavonoid branches. Shikimate O-hydroxycinnamoyltransferase, the link between flavonoid biosynthesis and the lignin/monolignol pathway, was also expressed at much lower levels in D. glomerata than in M. truncatula. Our results indicate (a) a likely major role for flavonoids in actinorhizal nodules, and (b) differences in metabolic flux in flavonoid and phenylpropanoid biosynthesis between the different hosts in symbiosis.

Keywords: flavonoid, root nodule, symbiosis, actinorhizal, legume, metabolome profile, gene expression profile, phenylpropanoid


INTRODUCTION

Root nodule symbioses (RNS) develop as symbiotic associations between nitrogen-fixing bacteria and certain host plants, resulting in the formation of the root nodule, a specialized organ for nitrogen fixation and assimilation. The root nodule provides a number of functions in RNS, primarily serving as a site for the exchange of carbon and energy-containing molecules from the host for nitrogen-containing molecules from the microsymbiont, and also as an environment to help regulate oxygen concentration to protect the nitrogenase enzyme complex. The bacteria capable of establishing these symbioses fall into two distantly related groups: the proteobacterial rhizobia and the actinobacterial genus Frankia. The host plants, on the other hand, all belong to a single clade of angiosperms known as the Nitrogen-fixing Clade (NFC) (Soltis et al., 1995), consisting of the order Fabales (nodulated by rhizobia) and three orders that include the actinorhizal plants, Cucurbitales, Fagales, and Rosales (nodulated by Frankia).

The establishment of RNS involves a signal–mediated recognition interaction between host and microsymbiont within the rhizosphere, followed by the entry of the microsymbiont into root cells, and ultimately by nodule organogenesis (Gage, 2004). Early stages of organogenesis involve the division of cortical cells and cell expansion during invasion by the microsymbiont, followed by nodule organogenesis and maturation of nitrogen-fixing symbiotic tissue. During the maturation phase, cells within the developing nodule undergo endoreduplication, increasing in volume and becoming more transcriptionally active to promote symbiotic interactions (Vinardell et al., 2003). In both the legume and actinorhizal symbioses several of the initial steps in the internal signaling pathway leading to nodule establishment are conserved. Initial signaling interactions are activated via the Common Symbiotic Pathway, a set of genes shared with the more ancient arbuscular mycorrhizal symbioses (Oldroyd, 2013), indicating a shared evolutionary origin within the NFC (Markmann and Parniske, 2009; Battenberg et al., 2018), followed by a RNS-specific gene expression cascade (Oldroyd, 2013).

Flavonoids are ubiquitous secondary metabolites synthesized by the phenylpropanoid pathway. The flavonoid pathway is one of two major branches in plant phenylpropanoids, the other being monolignol/lignin biosynthesis, and is responsible for producing a wide range of metabolites fundamental for plant structure and function and plant–organism interactions including symbiotic signaling in RNS and nodule organogenesis and development. Plant flavonoids are also key molecules in pigmentation and signaling for pollinator attraction, herbivore or pathogen deterrence, reduction of damage from reactive oxygen species, UV light protection, and regulation of development (Shirley, 1996; Buer et al., 2010). The reactions linking the flavonoid and monolignol/lignin branches of the pathway and the interconversions among flavonoid classes are illustrated in Figure 1.
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FIGURE 1. Overview of major flavonoid biosynthesis pathways in Datisca glomerata. Also shown is the lignin/monolignol pathway (upper-right). C4H: cinnamic acid 4-hydroxylase. 4CL: 4-coumarate CoA-ligase. HCT: shikimate O-hydroxycinnamoyltransferase.



In the establishment of root nodule symbiosis in many legume genera, flavonoids produced by the host are recognized by rhizobia in the rhizosphere, primarily through the receptor-transcription factor NodD. This, in turn, triggers the expression of the other nod genes (nodA, nodB, nodC), which synthesize a lipochitooligosaccharide molecule, the Nod factor, which is secreted by the rhizobia (Long, 1996), that in turn triggers host cellular responses leading to root-nodule development (Oldroyd, 2013). A wide range of flavonoid molecules, both aglycones and glycosides, has been identified as nodulation signals in legume symbioses (Peck et al., 2006). To date, no molecule similar to Nod factor has been identified in the Frankia-actinorhizal symbioses; however, genomes of some members of the Cluster 2 group of Frankia contain homologs of the rhizobial nodABC genes that are expressed during symbiosis (Persson et al., 2015; Nguyen et al., 2016), suggesting that a Nod factor may play a role in at least some actinorhizal symbioses. Cluster 2 Frankia genomes do not contain any identified homologs of nodD, leaving the mechanism of induction of transcription unknown, and the role of flavonoids in actinorhizal-Frankia signaling to be determined.

After the initial signaling steps in nodulation, flavonoids play a continuing role in legume nodule development. Flavonoids are known to bind to and inhibit auxin transporters, leading to a disruption of polar auxin transport (Wasson et al., 2006). The accumulation of auxin within certain cortical cells in the root triggers cell division and proliferation, which, in turn, leads to the localized induction of the nodule (Mathesius et al., 1998). Recent studies have suggested that the production of flavonoids during nodule organogenesis is itself a response to increased cytokinin production following the perception of the symbiotic Nod factor (Mathesius et al., 1998). Similar effects in the actinorhizal symbioses have been far less studied; however, it has been shown that inhibition of auxin gradients with an auxin influx inhibitor in the actinorhizal host Casuarina glauca led to decreased nodulation, suggesting a similar role for auxin in actinorhizal symbioses (Péret et al., 2007; Champion et al., 2015). Additionally, flavonoids have been suggested to play a role in triggering endoreduplication through DNA breaks resulting in anaphase arrest (Cantero et al., 2006).

In this study, flavonoids from the metabolomes of roots and nodules of the actinorhizal host Datisca glomerata were compared with those of the legume Medicago sativa. Additionally, the metabolome results were compared with available transcriptomes of D. glomerata and Medicago truncatula (Roux et al., 2014; Battenberg et al., 2018). Both hosts were found to synthesize phenylpropanoid derivatives of the flavonoid branch in several different categories including flavones, flavanones, and isoflavonoids, but with different apparent patterns of metabolic flux.



MATERIALS AND METHODS

Growth Conditions and Nodule Sampling

Datisca glomerata seeds were collected from wild plants growing in Gates Canyon, Vacaville, CA, United States, germinated, grown, and inoculated in a greenhouse at University of California, Davis, under conditions as described in Battenberg et al. (2018). The seedlings were inoculated with crushed Ceanothus thyrsiflorus nodules containing Frankia originally sampled in Sagehen Experimental Forest (Truckee, CA, United States). Until inoculation, one-half-strength Hoagland’s solution with nitrogen (Hoagland and Arnon, 1950) was applied weekly. After inoculation, one-half-strength Hoagland’s solution without nitrogen was applied weekly.

Uninoculated roots, inoculated roots, and root nodules were collected for analysis from four individual plants per treatment. Inoculated roots and nodules were collected from the same plants; both were harvested 100 days after inoculation. Uninoculated roots were collected from the same plants sampled for inoculated roots and nodules, prior to inoculation. Sampling methods are described in detail in Battenberg et al. (2018). Collected samples were flash frozen in liquid nitrogen and stored at -80°C until use. For detailed information on samples collected, see Supplementary Table S1. Root and nodule samples from individual plants were ground in liquid nitrogen in a mortar and pestle, prior to extraction.

Mature individual M. sativa plants were collected from field plantings at the Russell Ranch Sustainable Agriculture Facility, University of California, Davis, and maintained in a greenhouse at University of California, Davis. Roots and root nodules were collected and sampled from four individual plants per treatment, as described above.

Flavonoid Extraction

Root nodules and inoculated roots of M. sativa and Datisca glomerata were extracted using 80:20 MeOH/H2O. 40 mg of samples were extracted with 2000 μL of cold solvent. Samples were then mixed for 10 s using Mini Vortexer (VWR, Radnor, PA, United States). Samples were then centrifuged for 5 min at 14,000 relative centrifugal force (RCF) using an Eppendorf Centrifuge 5415D (Hauppaugee, NY, United States). After removing the supernatant, samples were dried using a Labconco CentriVap Concentrator (Kansas City, MO, United States). Dried samples were resuspended in 110 μL of 10:90 ACN/H2O with 1 μg/mL 12-(cyclohexylcarbamoylamino)dodecanoic acid (CUDA) for LC-MS/MS analysis.

Metabolomic Analysis

For metabolomic analysis of flavonoids and related molecules, a comparison was made between root nodules and inoculated roots collected from the same plants. Chromatography was performed using a Thermo Vanquish UHPLC instrument, a Phenomenex Kinetex C18 column (100 × 2.1 mm, 1.7 μm) with a KrudKatcher Ultra HPLC in-line filter (0.5 μm Depth Filter × 0.004 in ID). The mobile phases were H2O with 0.1% acetic acid (A) and ACN with 0.1% acetic acid (B). Gradient elution was performed at a flow rate of 0.5 mL/min under the following program: from 0 to 10 min B changed linearly from 10 to 90%, held at 90% B for 2.50 min, returned to 10% B over the next 2.50 min, and held at 10% B for equilibration over 5 min. The column temperature was kept at 45°C. The LC method was modified from Ma et al. (2016). MS/MS data were acquired on a high resolution Thermo Q Exactive HF mass spectrometer in positive electrospray ionization (ESI) mode under the following operating parameters: sheath gas flow rate at 60, auxiliary gas flow rate at 25, sweep gas flow rate at 2, spray voltage at 3.60 kV, capillary temperature at 300°C, S-lens RF level at 50, and auxiliary gas heater temperature at 370°C. Mass spectral data were collected using full scan MS1 and data-dependent MS/MS. Full scan MS1 had the following parameters: scan range from a m/z 150–2000 with the resolution set to 120,000, AGC target set to 1 × 106, and maximum ion injection set to 300 ms. Data-dependent MS2 had the following parameters; scan range from m/z 150–2000 with the resolution set to 15,000, AGC target set to 1 × 105, maximum injection time set to 50 ms, loop count set to 3, and TopN set to trigger the top-3 most abundant ions, with an isolation window of 1.0 m/z, and Higher Energy Collisional Dissociation (HCD) was conducted using three normalized collision energies; 35, 45, and 65%. The observed MS/MS spectra have an HCD collision energy of 48.33%, spectra from the three normalized collision energies are automatically averaged. The injection volume for each sample was 2 μL.

In metabolomics compounds are routinely identified by data processing tools which match MS/MS spectra against mass spectral reference libraries and use cheminformatics to provide spectral interpretation (Neumann and Bocker, 2010; Dunn et al., 2012; Cajka and Fiehn, 2015). Here we have used MS-DIAL software version 2.82 (Tsugawa et al., 2015) was used to process the raw data and metabolites were reported using a 0% peak count filter to keep all detected features. MS-DIAL was used for data deconvolution, peak alignment, and compound identification by searching mass spectral refrence libraries. Compound identifications were made based on an in-house accurate mass and retention time (m/z-RT) library created from the QC reference standard mix and the following tandem mass spectral libraries; MassBank, ReSpect, MetaboBASE, HMDB, GNPS, NIST 17 MS/MS, FAHFA, LipidBlast, and iTree MS/MS only. The tandem mass spectral libraries were downloaded in an msp format from MassBank of North America (MoNA) which was later used in MS-DIAL. MS-FLO (Mass Spectral Feature List Optimizer) was used as post processing tool to optimize the feature list from MS-DIAL to remove duplicate and isotopic features and identifiy ions adduct (DeFelice et al., 2017).

After reduction, annotations were also labeled with Metabolomics Standards Intitaive (MSI) levels and mass error (mDa) to provide confidence in each annotation. Level 1 is the highest level of identification. It is described as using two or more orthogonal data from an authentic standard. Level 2 is when only one set of reference data from an authentic standard has been used, for example, either using an in-house accurate m/z-RT library or using mass spectral library search for MS/MS matching. Level 3, is similar to Level 2 where a match can be made with either a m/z-RT library or a MS2 library, but the match lacks high accuracy. Lastly, Level 4 indicates those metabolites that are unknown (Sumner et al., 2007; Schymanski et al., 2014). The observed MS spectra of identified flavonoid compounds in D. glomerata and M. sativa are shown in Supplementary Figures S1, S2, respectively, as head-to-tail comparisons of experimental and reference MS/MS spectra.

Metabolome and Phenylpropanoid Pathway Analysis

Flavonoid molecules detected by LCMS were annotated by their International Chemical Identifier (InChIKey) and separated into subclasses of flavonoids, isoflavonoids, flavones, flavonols, and anthocyanins by ClassyFire (Feunang et al., 2016). For each plant, the average peak height of flavonoids in each plant was calculated and molecules with average peak heights above the mean were considered highly abundant. Significant differences between roots and nodules were identified with two-tailed Welch’s t-tests. A comparison of the overall proportions of flavonoids annotated by class in the metabolomes of D. glomerata and M. sativa was performed with a chi-square test. T-tests and chi-square tests were performed in R using a significance level of p < 0.05.

For molecules with multiple annotated isotopes, only the dominant isotope was used, identified by the highest peak height across all samples. Phenylpropanoid biosynthesis pathways were obtained from KEGG (Kanehisa et al., 2016). Maps used included: Flavonoid Biosynthesis, Flavone and Flavonol Biosynthesis, Anthocyanin Biosynthesis, Isoflavonoid Biosynthesis, and Phenylpropanoid Biosynthesis. Within each class molecules that were significantly different between root and nodule LC-MS samples were grouped by their structural similarity using molecular structures acquired from PubChem (Kim et al., 2016) to reference molecules that included: eriodictyol, naringenin, liquiritigenin, daidzein, genistein, glycitein, formononetin, kaempferol quercetin, luteolin, apigenin, cyanidin, pinocembrin, pinobanksin, galangin, and chrysin. In cases where an enzyme for synthesizing a particular molecule could not be identified, putative pathways were inferred, placing molecules together in groups if their chemical structures shared diagnostic structures of the reference molecules including: a 2C–3C carbon double bond, a 3 carbon hydroxyl, 3′ or 4′ hydroxyls, or a 2 or 3 carbon benzene ring.

Abundant Compound Verification by HPLC, UV Absorption and LC-MS

To investigate the effect of Frankia interactions with D. glomerata on flavonoid production uninoculated roots, roots inoculated with Frankia, and nodules of D. glomerata were collected for a second analysis of selected abundant flavonoids. The ground tissue (100 mg) was extracted in 300 μL of 80% methanol, with incubation in an ultrasonic water bath for 20 min at 30°C. The extract was then centrifuged twice for 10 min each at 17,000 × g. The supernatant was transferred to an HPLC vial; 10 μL of the supernatant was injected on a reverse phase HPLC and analyzed as previously described (Knollenberg et al., 2018). Major metabolites (i.e., abundant HPLC peaks) that exhibited differential accumulation among roots and nodules were collected and analyzed by mass spectrometry (MS) in negative mode and MS/MS using an established method (Ono et al., 2016). The flavonoid metabolites were tentatively identified based on their retention times, UV absorption spectra, as well as MS and MS/MS data, taking into consideration phenolic metabolites previously reported to accumulate in roots of Datiscaceae (Bohm, 1988). In addition, authentic standards of kaempferol, luteolin, and genistein (Sigma Aldrich, St. Louis, MO, United States) were analyzed in parallel with the D. glomerata.

One-way analysis of variation (ANOVA) followed by Tukey’s HSD test were performed on the metabolite data using JMP (SAS Institute, Cary, NC, United States).

Transcriptome Analysis of D. glomerata and M. truncatula Phenylpropanoid Pathways

Transcript annotations from Battenberg et al. (2018) were used for D. glomerata and M. truncatula (Roux et al., 2014). The transcriptome of M. truncatula was chosen because of its depth of coverage and comparable stage of nodulation. Enzyme Commission (EC) number annotations were made with InterProScan v5.21 (Jones et al., 2014) and Trinotate v3.0.1 (Haas et al., 2013). Transcripts annotated with Enzyme Commission (EC) numbers belonging to the KEGG phenylpropanoid biosynthetic pathways listed above were identified in each transcriptome. Expression fold changes between nodules and roots (Log-scale) were used to generate heat maps in Microsoft Excel. To determine genes important for symbiosis and compare relative expression levels of genes between nodules of the two hosts, transcripts in the 90th percentile or above ranked by transcripts per million (TPM) in the full transcriptomes were considered “highly expressed,” and transcripts below the 50th percentile were considered “low expression.” Statistical significance of expression level differences between D. glomerata and M. truncatula nodules were determined with one-sample t-tests comparing the percentile ranks of the most highly expressed transcript for each gene in the D. glomerata transcriptome with the most highly expressed transcript from M. truncatula (p < 0.05).



RESULTS

Metabolomics Analysis Revealed Abundant and Diverse Flavonoid Accumulation in D. glomerata and M. sativa

In total, 384 compounds from D. glomerata roots and nodules were initially annotated as flavonoids, however, only 60 metabolites were matched against spectra from an MS/MS library at high levels of identification (MSI Level 1, 2, or 3) and the rest were reclassified as unknowns (Supplementary Table S2). The relative distributions of annotated flavonoids by class in D. glomerata and M. sativa are presented in Figure 2 and listed in Figures 3, 4 for D. glomerata and M. sativa, respectively. Of the 60 annotated flavonoids in D. glomerata 24 were aglycones and 36 were glycosides, the majority of which were flavonols (Figure 3). In M. sativa 281 compounds were initially annotated as flavonoids but only 27 compounds met the MSI Level 3 or better, of which nine were glycosylated. M. sativa root and nodule flavonoids were predominantly isoflavonoids (Figure 4). These differences in flavonoid distribution between D. glomerata and M. sativa were strongly significant (p < 5 × 10-8, Supplementary Table S3). With the exception of glycitin in M. sativa nodules all flavonoids identified were detected in both the roots and nodules of their respective plant (Figures 3, 4).
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FIGURE 2. Distribution of flavonoids in D. glomerata and M. sativa roots and nodules by class.
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FIGURE 3. Flavonoids identified in D. glomerata roots and nodules. All annotations conform to MSI level 2. For each flavonoid the abundance in both the roots and nodules is given as the log average peak height of 10 samples and presented as a heat-map. The names of molecules considered highly abundant are highlighted in blue. Significant changes in abundance between roots and nodules are highlighted in yellow.
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FIGURE 4. Flavonoids identified in M. sativa roots and nodules. All annotations conform to MSI level 2. For each flavonoid the abundance in both the roots and nodules is given as the log average peak height of four samples and presented as a heat-map. The names of molecules considered highly abundant are highlighted in blue. Significant changes in abundance between roots and nodules are highlighted in yellow.



Ten flavonoids were highly abundant in nodules of D. glomerata. Abundant aglycones included isoquercitin (m/z 465.1021), quercetin (m/z 303.0495), galangin (m/z 271.0597), pinocembrin (m/z 257.0805), datiscetin (m/z 287.0545), cirsiliol (m/z 331.0807), and daidzein (m/z 255.0648), while the abundant glycosylated flavonoids included the datiscetin-derivative datiscin (m/z 595.1652) and two putative derivatives of kaempferol (m/z 449.1072 and m/z 639.1916) (Figure 3). The relative abundance of these flavonoids in D. glomerata roots and nodules, determined by t-tests, was not significantly different between roots and nodules.

In M. sativa nodules, the highly abundant flavonoids were exclusively isoflavonoids, including formononetin (m/z 269.0813), the most abundant, and its derivative the second most abundant flavonoid medicarpin (m/z 271.0968), as well as coumestrol (m/z 269.0449) and the genistein-derivative prunetin (m/z 285.0762) (Figure 4). Due to sample variability, statistically significant fold changes were not obtained for the majority of the identified M. sativa flavonoids between nodules and roots.

Differential Accumulation of Flavonoids in D. glomerata Roots and Nodules

Flavonoids

In D. glomerata nodules, naringenin and pinocembrin (m/z 257.0805), both of which are flavanones from which other flavonoid classes are derived, were significantly increased over roots (Figure 3). Dihydrokaempferol (m/z 271.0597), an aglycone derivative of naringenin that is an intermediate in the synthesis of flavonols from naringenin, was also significantly increased in the nodule.

Flavonols and Flavones

As noted above, the most abundant flavonoids in D. glomerata nodules were the flavonols datiscetin and datiscin, as well as galangin, all of which are derivatives of pinocembrin (Figure 3). Other flavonols, including kaempferol and quercetin, were found to have several known and putative derivatives significantly more abundant in the nodules than roots as well. Three putative kaempferol glycosides were highly abundant in D. glomerata nodules: astragalin (m/z 449.1071), kaempferol 7-O-glucoside (m/z 449.1072), and demethoxycentaureidin 7-O-rutinoside (m/z 639.1916); and quercetin and its derivative isoquercetin (m/z 465.1021) were highly abundant in D. glomerata nodules.

No flavones, putative derivatives of apigenin and luteolin, were found to be significantly different between D. glomerata roots and nodules (Figure 3).

Isoflavonoids

Daidzein (m/z 255.0648) was one of the most abundant flavonoids in D. glomerata nodules and one of its derivatives, 6′-O-acetyldaidzin (m/z 459.1279) was significantly increased in nodules over roots (Figure 3). Additionally, genistein (m/z 271.0597), belonging to a separate isoflavonoid pathway, was also significantly more abundant in nodules than roots.

Anthocyanins

Only one anthocyanin was annotated from D. glomerata: peonidin 3-O-rutinoside (m/z 463.1229) and it was neither abundant nor significantly different in the nodule (Figure 2).

Rutinose Glycosides Accumulated in D. glomerata Nodules

A considerable number of rutinose glycosides were identified in the flavonoids of D. glomerata roots and nodules, across several of the flavonoid classes, including datiscin (m/z 595.1652), one of the most abundant flavonoids identified (Figure 3). Other rutinose glycosides detected included rutin (quercetin-3-O-rutinoside, m/z 611.1600), narirutin (naringenin-7-O-rutinoside, m/z 419.1331), peonidin-3-O-rutinoside (m/z 463.1229), demethoxycentaureidin-7-O-rutinoside (m/z 639.1916), and kaempferol-3-O-rutinoside (m/z 595.1653). None of these were significantly different between roots and nodules, e.g., more abundant in nodules than roots. Of the rutinose glycosides, only narirutin was identified in M. sativa roots or nodules (Figure 3).

Nodulation Enhanced Flavonoids in Inoculated D. glomerata Roots and Nodules

To examine how nodulation may influence flavonoid metabolites, we compared abundant metabolite composition of non-inoculated roots, inoculated roots, and nodules. Six metabolites (peaks 1–6) showed significantly greater accumulation in nodules in comparison to non-inoculated roots (Figure 5). Five (peaks 2–6) showed significantly greater accumulation in nodules than in the inoculated roots (Figure 5). In addition, two of the metabolites examined (peaks 2 and 3) showed significantly greater accumulation in inoculated roots when compared to non-inoculated roots. These metabolites were tentatively identified as structurally related flavonoids and flavonoid glycosides based on their retention times, UV absorption spectra, as well as MS and MS/MS data. The most abundant compound (peak 3) in all samples was tentatively identified as datiscetin (3,5,7,2′-Tetrahydroxyflavone) with other compounds (peaks 1, 2, and 5) potentially representing methylated or glycosylated derivatives. Peaks 4 and 6 were tentatively identified as kaempferol and galangin, respectively. The accumulation of these metabolites in roots and nodules are consistent with previous reported flavonoid profiles of D. glomerata (Bohm, 1988). These metabolite identifications were further supported by the observations that the retention time and UV absorption spectra for peak 3 (datiscetin; [M-H]- m/z 285.0369) was inconsistent with an authentic standard of luteolin (m/z 286.2390) that has the same MS fragmentation pattern as datiscetin. Similarly, the retention time and UV absorption spectra for peak 6 (galangin; [M-H]- m/z 269.0434) were inconsistent with authentic standards of apigenin (m/z 270.2400) and genistein (m/z 270.2400) that share the same MS fragmentation pattern as galangin. The data for peak 4 was consistent with an authentic standard of kaempferol analyzed in parallel.
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FIGURE 5. Analysis of metabolites in Datisca glomerata roots and nodules. (A) Representative HPLC elution profiles of phenolic metabolites extracted from non-inoculated and inoculated D. glomerata roots as well as nodules. Peaks (1–6) that show differential accumulation in roots and nodules are indicated. (B) Peak areas of differentially accumulated phenolic metabolites. Data shown are the average of four biological replicates ± standard deviation. Different letters indicate significant (P < 0.05) differences in metabolite levels among non-inoculated root, inoculated root, and nodule for each peak. (C) Absorption spectra of peaks 1–6. (D) MS and MS/MS analyses of peaks 1–6. (E) Chemical structures of tentatively identified phenolic metabolites in D. glomerata roots and nodules.



Expression of Phenylpropanoid Pathway Genes in Transcriptomes of D. glomerata and M. truncatula Roots and Nodules

To understand the expression of the phenylpropanoid and flavonoid biosynthetic genes in roots and nodules, transcriptome data from roots and nodules of D. glomerata (Battenberg et al., 2018) and M. truncatula (Roux et al., 2014) were analyzed by differential expression between tissues and by comparing relative expression levels (as percentiles) of transcripts within each transcriptome. The reactions of the phenylpropanoid pathway, including the flavonoid branch, and the lignin-monolignol branch, are summarized in Figure 1 and the relative expression of the genes comprising each branch are depicted in Figure 6. Early steps in the phenylpropanoid pathway preceding the flavonoid branch, e.g., phenylalanine ammonia-lyase (EC 4.3.1.24), and 4-coumarate-CoA ligase (4CL, EC 6.2.1.12) were highly expressed, above the 95th percentile in roots and nodules of both D. glomerata and M. truncatula, but were not significantly up-regulated or down-regulated in nodules of either host (Figure 6). The enzyme 4CL is responsible for the conversion of cinnamic acid to cinnamoyl-CoA and p-coumaric acid to p-coumaroyl-CoA, the precursor to flavonoid chalcones (Figure 1). In D. glomerata nodules, of the nine annotated 4CL transcripts, seven were not up-regulated relative to roots, while two (DgTrNR01535_a1_i1 and DgTrNR01535_a1_i2) were up-regulated over four-fold. In M. truncatula nodules, several annotated transcripts of this gene were also up-regulated between four- and six-fold, while one transcript was up-regulated greater than 300-fold (Figure 6).


[image: image]

FIGURE 6. Heat map of flavonoid biosynthesis gene expression in D. glomerata and M. truncatula including relative expression in the nodule transcriptome based on percentile of all genes in their respective transcriptome (Percentile) and fold change between nodules and roots (Log fold change). Significance level used for differences in expression between roots and nodules was p < 0.001. Up-regulated tissues: N, nodules; R, roots; and nsd, no significant difference.



Two of the four annotated transcripts of cinnamic acid 4-hydroxylase (C4H, EC 1.14.13.11), also known as trans-cinnamate 4-monooxygenase, were down-regulated in D. glomerata nodules almost 10-fold, while the other two were not statistically different (Figure 6) and none were expressed above the 87th percentile. C4H is the enzyme that catalyzes the last step in phenylpropanoid biosynthesis that precedes the separation of the naringenin flavonoid branch and the lignin-monolignol branch (Figure 1). In M. truncatula, by contrast, no C4H transcript was down-regulated in the nodule and one transcript (Medtr5g075450) was extremely highly expressed, above the 98th percentile of all genes in the transcriptome (Figure 6). The most highly expressed C4H transcripts expressed at significantly different levels in the transcriptomes of D. glomerata and M. truncatula nodules (p < 5 × 10-4).

As shown in Figure 4, in the flavonoid branch, one transcript of chalcone isomerase (EC 5.5.1.6), which catalyzes the synthesis of flavonoids from chalcones, was highly up-regulated in D. glomerata nodules (approximately 50-fold) while the second was not significantly different. Of the 10 chalcone isomerase transcripts in M. truncatula, on the other hand, none were up-regulated in the nodule, and half of them were significantly down-regulated. Transcripts annotated as encoding flavanone 3-dioxygenase (EC number 1.14.13.21), the enzyme responsible for the synthesis of both eriodictyol from naringenin and dihydroquercetin from dihydrokaempferol (precursors to flavones and flavanols, respectively), were also among the most up-regulated flavonoid biosynthesis genes identified in the D. glomerata nodule (approximately 20- and 100-fold). By contrast, M. truncatula showed down-regulation of these genes in the nodule or no significant difference between nodules and roots.

Four transcripts were annotated as flavonol synthase (flavonol biosynthesis, EC 1.14.11.23) in D. glomerata, one of which was significantly up-regulated in the nodule and was expressed in the 99th percentile in the nodule (Figure 6). In M. truncatula the corresponding transcripts were not significantly different between roots and nodules and were expressed in the 57th percentile at most, a marked contrast. Three flavonol-3-O-glucosyltransferases (EC 2.4.1.91) were annotated in D. glomerata; one of which showed high expression (above the 93rd percentile) with no significant change in expression between nodules and roots. In the transcriptome of M. truncatula, no transcripts were annotated as flavonol-3-O-glucosyltransferases.

Strikingly, no transcripts in the isoflavonoid pathway were annotated in the D. glomerata transcriptome, whereas, in the M. truncatula transcriptome, there were multiple transcripts annotated as encoding several enzymes in isoflavonoid biosynthesis (Figure 6). One of the eight transcripts of 2,7,4′-trihydroxyisoflavanone 4′-O-methyltransferase (EC 2.1.1.212) was highly expressed, above the 93rd percentile while four others were up-regulated over 10-fold in M. truncatula nodules. Enzymes that catalyze the synthesis of daidzein derivatives including formononetin and daidzein 7-O-glucoside were expressed but not significantly different between roots and nodules. Three transcripts of isoflavone 7-O-glucoside-6″-O-malonyltransferase (EC 2.3.1.115), an enzyme known to synthesize malonated daidzein derivatives, were annotated in M. truncatula. One was down-regulated over 10-fold in the M. truncatula nodule relative to the roots, falling to around the 45th percentile in the nodule while the other two remained around the 72nd percentile.

The gene encoding the earliest enzyme in anthocyanin biosynthesis, anthocyanidin 3-O-glucosyltransferase (EC 2.4.1.115), was up-regulated more than 10-fold in D. glomerata nodules and two other transcripts were expressed above the 90th percentile (Figure 6). By contrast, no anthocyanidin 3-O-glucosyltransferase transcripts were annotated in the nodule or root transcriptomes of M. truncatula.

Genes encoding the major enzymes in the lignin-monolignol branch of the phenylpropanoid pathway showed generally low expression in the transcriptome of D. glomerata (Figure 6). The most highly expressed transcript of the first enzyme in this branch, shikimate O-hydroxycinnamoyltransferase (HCT, EC 2.3.1.133) was expressed in the 48th percentile. Coumaroyl-shikimate 3′-monooxygenase (EC 1.14.13.36), the next gene in the pathway, was expressed in the 61st percentile. Caffeoyl CoA-O-methyltransferase (EC 2.1.104), converting caffeoyl-CoA to feruloyl-CoA, was the exception. Two transcripts were expressed in the 90th percentile in D. glomerata nodules, although transcripts were expressed up to 10-fold higher in the roots. In M. truncatula nodules, the transcripts encoding HCT were expressed much more highly than HCT in D. glomerata (p < 5 × 10-5), around the 80th percentile. No transcripts of coumaroyl-shikimate 3′-monooxygenase were annotated in M. truncatula.



DISCUSSION

Metabolite and Expression Analyses Provide New Insights Into Flavonoid Metabolism in D. glomerata Roots and Nodules

A range of flavonoids were synthesized in roots and nodules of D. glomerata, including flavones, flavonols, flavanones, anthocyanins, and isoflavonoids. A greater number of flavonoids were more abundant in the nodule relative to roots than vice versa (Figure 3), suggesting an overall increase in flavonoid biosynthesis in the nodule.

For several highly-abundant metabolites analyzed, there was a general trend of increasing concentration, when comparing uninoculated roots with either roots post-inoculation, or root nodules (Figure 5). This suggests that inoculation with Frankia induces some change in flavonoid metabolism in roots, either systemically in nodulated plants, or locally by association with Frankia in the rhizosphere. In a split-root experiment on M. sativa, initiation of nodulation by application of either the symbiont Sinorhizobium meliloti or its Nod factor to roots on one side of the plant led to increased amounts of daidzein on the uninoculated side (Catford et al., 2006), supporting an interpretation that flavonoid biosynthesis and distribution is under global regulation in RNS, similar to, or part of, autoregulation (Reid et al., 2011).

Derivatives of the pinocembrin-derived subclass of flavonoids, especially datiscetin and datiscin, represented some of the most abundant molecules in D. glomerata nodules (Figure 3). The biosynthesis of datiscetin has been proposed to proceed by a reaction similar to the synthesis of galangin from pinobanksin through the addition of a 2C–3C double bond to dihydrodatiscetin that is itself synthesized from pinobanksin (Grambow and Grisebach, 1971). Galangin biosynthesis utilizes flavonol synthase (EC 1.14.11.23), which was found to be up-regulated four-fold in D. glomerata nodules (Figure 6). Because flavonol synthase has been shown to catalyze multiple reactions including both kaempferol and galangin biosynthesis (Miyahisa et al., 2006), it seems likely that datiscetin biosynthesis could be performed by this enzyme as well. Dihydrodatiscetin itself, however, was not identified in roots or nodules of D. glomerata in this study (Figure 3).

The prevalence of pinocembrin and its derivatives in D. glomerata is likely directly related to the relatively low expression of C4H (EC 1.14.13.11) (Figure 5), which appears to be a pivotal enzyme in the phenylpropanoid pathway in D. glomerata whose expression impacts two separate branch points (Figure 1): first, the enzyme catalyzes the conversion of the pinocembrin-precursor cinnamic acid to naringenin-precursor p-coumaric acid, and thus controls the balance between the pinocembrin and naringenin flavonoid branches. Because the early enzymes in the flavonoid branch, including chalcone synthase (EC 2.3.1.74) and naringenin 3-diooxygenase (EC 1.14.11.9) are multi-functional, catalyzing reactions with multiple substrates (Martens et al., 2010), the altered flux favoring cinnamoyl-CoA in D. glomerata likely directs the flow of flavonoid biosynthesis more toward pinocembrin and ultimately datiscetin and datiscin. Second, because expression of C4H is diminished relative to M. truncatula, the synthesis of naringenin-based flavonoids is likely aided in D. glomerata by lower expression of HCT (EC 2.3.1.133), which decreases metabolic flux to lignins in favor of flavonoid biosynthesis, a pattern similar to what was shown to occur when HCT was down-regulated in M. sativa by Gallego-Giraldo et al. (2014).

C4H has been shown to be the major rate-limiting step in lignin biosynthesis (Anterola and Lewis, 2002) suggesting that it also functions to control the relative flux of phenylpropanoids between flavonoid and lignin biosynthesis. Control of flux between flavonoid and lignin branches of the phenylpropanoid pathway in plants could be useful for crop improvement to enhance flavonoid content, particularly the pinocembrin pathway. Flavonoids in general are nutritional antioxidants, and pinocembrin specifically has shown both antitumor and neuroprotective capabilities (Rasul et al., 2013).

In addition to datiscetin, a flavonol synthesized from pinocembrin as discussed above, other flavonols were abundant in D. glomerata roots and nodules, particularly quercetin and its glycosides (Figure 3). Flavonol synthase (EC 1.14.11.23) was very highly expressed in D. glomerata roots and nodules, with one transcript expressed above the 99th percentile, compared to 57th percentile at the highest in M. truncatula nodules; and the other transcript was significantly up-regulated in the D. glomerata nodule seven-fold (Figure 6), reflecting the great abundance of flavonols, which may perform a variety of roles in nodules. Quercetin has been shown to regulate auxin gradients in roots during nodule formation as measured by a gusA gene-auxin response promoter construct (Mathesius et al., 1998). Quercetin showed a higher level of auxin transport inhibiting activity than kaempferol, apigenin, naringenin, or genistein; glycosylation decreased the auxin-inhibitory effect (Mathesius et al., 1998, 2015). Interestingly, in the laser-capture microdissection study of developmental gene expression in M. truncatula performed by Roux et al. (2014), 100% of flavonol synthase transcripts (Medtr5g059140) in nodules were found in zone FIID, the second distal fraction of the nodule. Cells in this zone are undergoing expansion and rhizobial infection (Roux et al., 2014), making it the zone where auxin gradient inhibition is likely required during the nodulation process (Mathesius et al., 2015). Additionally, quercetin has been shown to arrest cell division and cause DNA breaks leading to endoreduplication in eukaryotic cells in vitro (Cantero et al., 2006). This may suggest another potential role for flavonols in the formation of symbiotic cells in nodules (Vinardell et al., 2003), in addition to CCS52A-mediated endoreduplication, as described by Adachi et al. (2011). Finally, flavonols have been shown to protect enzymes from deactivation by nitric oxide and peroxynitrite (Heijnen et al., 2001). Nitric oxide is a signaling molecule required for nodule formation, however, it also deactivates enzymes important for symbiosis, including nitrogenase and glutamine synthetase, by nitration of tyrosine residues (Melo et al., 2011). Flavonoids in general have been found to protect enzymes by scavenging nitric oxide and peroxynitrite. Heijnen et al. (2001), found that galangin had strong scavenging activity and correlated this activity with the hydroxyl group on the third carbon; this would suggest that datiscetin is a strong peroxynitrite scavenger as well.

A feature of the flavonoid glycosides in D. glomerata roots and nodules was the frequent occurrence of rutinose glycosides. Six flavonoids were identified with rutinose glycosylations. Rutinose is a common glycosylation of flavonoids in many plants (Cuyckens et al., 2001), and was previously shown to occur in leaves of Datisca cannabina (Bohm, 1988). Rutinose was reported to occur as an exceptionally abundant free sugar in roots, nodules, and leaves of D. glomerata and D. cannabina (Schubert et al., 2010) that could not be hydrolyzed in cell extracts. Thus it is hypothesized that rutinose is synthesized as a flavonoid glycosylation and then released as a free sugar (Schubert et al., 2010).

Potential Nod Gene Inducing Flavonoids in Datisca glomerata

In legume symbioses a range of flavonoids, predominantly aglycones, have been shown to induce the expression of nod genes in rhizobia, including flavones (luteolin), flavanones (eriodictyol and naringenin), and chalcones in Medicago and isoflavonoids (daidzein and genistein) in Glycine (Phillips and Tsai, 1992). In this study all of these metabolites were identified in roots and nodules of both D. glomerata and M. sativa, with the exception of chalcones, which were not detected in either host (Figures 3, 4). The identified molecules could play potentially similar roles in the D. glomerata symbiosis as in Medicago. D. glomerata is nodulated by Cluster 2 Frankia strains whose genomes have been shown to contain nodABC gene homologs that are expressed in symbiosis (Persson et al., 2015; Nguyen et al., 2016); however, it is unknown whether flavonoids are involved in the regulation of these genes since no clear nodD homolog has been identified (Persson et al., 2015). Our results indicate that molecules in the pinocembrin pathway, including galangin and datiscetin, are possible candidates for a similar role in D. glomerata, because they are synthesized in great abundance (Figure 3) and are synthesized by uninoculated roots as well as inoculated roots and nodules (Figure 5) suggesting they are present in roots before the roots are infected.

Pinocembrin, the precursor to galangin and datiscetin, has been reported in several actinorhizal hosts. In the Fagales, it was found in the leaves and flowers of members of the genus Alnus (Betulaceae; Ren et al., 2017), as well as in leaves of Myrica and Comptonia (Myricaceae), all hosts nodulated by Frankia belonging to Cluster 1 (Wollenweber et al., 1985; Normand et al., 1996). However, flavonoids from leaf exudates of eight species of Ceanothus (Rhamnaceae, in Rosales), another genus that, like D. glomerata, is nodulated by Cluster 2 Frankia (Normand et al., 1996), were not reported to include pinocembrin or its derivatives (Wollenweber et al., 2004).

D. glomerata and M. sativa Share Similar Classes of Flavonoids but Differ in Abundance

Both D. glomerata and M. sativa metabolomes contained flavonoids in a range of classes. Both hosts contained similar classes of flavonoids, including flavanones, flavonols, flavonoid glycosides, isoflavonoids, and isoflavonoid glycosides, but within each class they varied significantly in diversity (Figure 2). In both hosts the abundance of the majority of flavonoids was not statistically different between their roots and nodules.

The largest differences between the two plants were in the amount within particular flavonoid classes produced, most notably, in the pinocembrin pathway as discussed above, and in the isoflavonoids. All four of the highly abundant flavonoids in M. sativa nodules were isoflavonoids (Figure 4). This conforms to earlier reports highlighting isoflavonoids as most abundant in nodules of M. sativa (Tiller et al., 1994) and M. truncatula (Modolo et al., 2007; Staszkow et al., 2011). In D. glomerata, however, only one of the 10 highly abundant flavonoids (daidzein) was an isoflavonoid (Figure 3). Isoflavonoids identified in D. glomerata were found early in the biosynthetic pathway (Figure 3) whereas M. sativa included highly abundant derived isoflavonoids, including the pterocarpin medicarpin and its precursor formononetin (Figure 4). Pterocarpins are primarily found in legumes (Dewick, 1982) and have been shown to function as antimicrobials that show much greater inhibition of gram-positive bacteria than gram-negatives (Gnanamanickam and Smith, 1980). However, Auguy et al. (2011) reported expression of isoflavone reductase in the actinorhizal plant C. glauca, suggesting the synthesis of the more derived isoflavonoids similar to the Medicago. This leaves the distribution and role of isoflavonoids in actinorhizal plants unresolved.



CONCLUSION

We present the first comparison of metabolic profiles of flavonoids from both roots and nodules of two host plants within the NFC, D. glomerata and M. sativa, with transcriptomes obtained from roots and nodules, in the context of phenylpropanoid biosynthetic pathways. The most abundant flavonoids in D. glomerata were derivatives of pinocembrin as well as naringenin whereas flavonoids from M. sativa were isoflavonoids and derivatives of naringenin. These findings correlate with the pattern of expression of cinnamic acid 4-hydroxylase (C4H), in the transcriptomes of the two hosts. D. glomerata showed relatively low expression of C4H in nodules compared to M. truncatula, suggesting a role for this enzyme in directing the flow of the phenylpropanoid pathway between the pinocembrin branch and the naringenin branch. Similarly, shikimate O-hydroxycinnamoyltrasferase (HCT), the link between the flavonoid and monolignol branches of the phenylpropanoid pathway, also showed lower expression in D. glomerata, supporting a difference in metabolic flux between the two hosts that favors flavonoids over monolignol/lignin production in D. glomerata.

Flavonoids of the same classes were present in roots and nodules of both D. glomerata and M. sativa, including flavanones, flavonols, and isoflavonoids, suggesting similar roles for flavonoids during nodule development and symbiosis across lineages in the NFC. Common roles may include symbiotic signaling, protection of enzymes from nitration, nodule organogenesis including phytohormone regulation, and cell-cycle modification. To identify symbiotically important flavonoids, further higher resolution transcriptome studies including spatio-temporal sampling (as in Roux et al., 2014, or Larrainzar et al., 2015) in combination with metabolomics profiling are needed. Secondly, responses of Frankia in culture to purified flavonoids identified as unique or amplified in their respective hosts should be measured at the transcriptomic level, and in terms of nodulation patterns, to evaluate a broader role for flavonoids as signaling molecules in the actinorhizal symbioses.
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Actinorhizal plants are able to establish a symbiotic relationship with Frankia bacteria leading to the formation of root nodules. The symbiotic interaction starts with the exchange of symbiotic signals in the soil between the plant and the bacteria. This molecular dialog involves signaling molecules that are responsible for the specific recognition of the plant host and its endosymbiont. Here we studied two factors potentially involved in signaling between Frankia casuarinae and its actinorhizal host Casuarina glauca: (1) the Root Hair Deforming Factor (CgRHDF) detected using a test based on the characteristic deformation of C. glauca root hairs inoculated with F. casuarinae and (2) a NIN activating factor (CgNINA) which is able to activate the expression of CgNIN, a symbiotic gene expressed during preinfection stages of root hair development. We showed that CgRHDF and CgNINA corresponded to small thermoresistant molecules. Both factors were also hydrophilic and resistant to a chitinase digestion indicating structural differences from rhizobial Nod factors (NFs) or mycorrhizal Myc-LCOs. We also investigated the presence of CgNINA and CgRHDF in 16 Frankia strains representative of Frankia diversity. High levels of root hair deformation (RHD) and activation of ProCgNIN were detected for Casuarina-infective strains from clade Ic and closely related strains from clade Ia unable to nodulate C. glauca. Lower levels were present for distantly related strains belonging to clade III. No CgRHDF or CgNINA could be detected for Frankia coriariae (Clade II) or for uninfective strains from clade IV.

Keywords: symbioses, nodulation factors, nodule inception, Casuarina, Alnus, Discaria


INTRODUCTION

Legumes and actinorhizal plants form a N2-fixing root nodule symbiosis in association with rhizobia and Frankia bacteria, respectively (Vessey et al., 2005). The establishment of these beneficial bacterial-plant relationships requires communication between the partners. Rhizobial symbioses have received considerable attention because several legumes are important crop species. However, actinorhizal symbioses, which play an important ecological role (Dawson, 2008), have been less well studied and the molecular dialog between Frankia and their host plants is still poorly understood. One reason is that most actinorhizal plants are woody shrubs or trees for which genetic approaches are very difficult (Wall, 2000; Perrine-Walker et al., 2011). In addition, the genetics of the bacterial partner, Frankia, is not fully developed and up to now Frankia cells remain recalcitrant to stable genetic transformation (Kucho et al., 2009, 2017). Recent progress including the sequencing of several Frankia genomes (Normand et al., 2007; Tisa et al., 2016), transcriptomic studies (Alloisio et al., 2010; Benson et al., 2011), proteomic studies (Mastronunzio and Benson, 2010; Ktari et al., 2017) together with functional studies on several actinorhizal species (Svistoonoff et al., 2014) have opened new avenues for identifying components involved in the initial symbiotic dialog between the two partners.

The interaction of rhizobia with model legumes begins with the production and recognition of signal molecules by their respective eukaryotic and prokaryotic symbiotic partners (Oldroyd, 2013). Early events leading to nodule formation involve bacterial penetration into their hosts via root hairs. Bacteria elicit the stimulation and reorientation of root hair cell wall growth. This rhizobia-induced tip growth results first in the entrapment of the bacteria within curled root hairs and then in the initiation and development of infection threads (ITs), tubular structures through which bacteria pass on their way down the root hair and into the underlying cortical cell layers (Lhuissier et al., 2001). Ahead of the advancing threads, cells in the inner cortex are induced to dedifferentiate and divide, and a nodule primordium is formed. In the first part of the signal exchange, the plant roots secrete flavonoids that lead to the activation of a set of rhizobial genes (the nod genes), which are essential for infection, nodule development and the control of host specificity (Masson-Boivin et al., 2009; Oldroyd, 2013). These genes are responsible for the synthesis of lipo-chito-oligosaccharides (LCOs) called Nod factors (NFs) that signal back to the plant (Oldroyd, 2013). NF biosynthesis is dependent on nodABC genes which are present in all rhizobia able to synthetize NFs and strain-specific combinations of other nodulation genes responsible for the addition of various decorations to the core structure. (Masson-Boivin et al., 2009). In model legumes, NFs perception elicits a range of responses including ion fluxes, calcium oscillations, changes in gene expression patterns, and extensive deformation of roots hairs, which has been used as a bioassay to identify the chemical nature of NFs (Lerouge et al., 1990; Oldroyd, 2013).

Much less is known about signaling molecules involved in the actinorhizal symbioses. Canonical nodABC genes are not found in the sequenced genomes of 36 Frankia strains including Frankia alni and Frankia casuarinae (Tisa et al., 2016) confirming a previous report showing that F. alni DNA will not complement rhizobial nod mutants (Cérémonie et al., 1998). Only distant homologs of nodB and nodC are found in F. alni genome. Unlike rhizobial nod genes, they are not organized into a cluster together with other symbiotic genes and their expression is not induced under symbiotic conditions (Normand et al., 2007; Alloisio et al., 2010). These findings are consistent with experiments showing that chitin oligomers similar to rhizobial NFs are not be detected in F. alni culture supernatant (Cérémonie et al., 1999) suggesting structural differences between the Frankia symbiotic signals and rhizobial NFs. Recently, canonical nodABC genes have been found in the genome of two uncultured Frankia strains: Candidatus Frankia datiscae Dg1 and Candidatus Frankia californicae Dg2 (Persson et al., 2015; Nguyen et al., 2016), and in one isolated strain, Frankia sp. NRRL B-16219 (Ktari et al., 2017). F. datiscae Dg1 nodABC genes are arranged in two operons which are expressed in Datisca glomerata nodules, but their involvement in symbiotic signaling is still not known (Persson et al., 2015).

Frankia is able to infect their host root either through intracellular (root hair) or intercellular modes. In the first case, one of the earliest visible plant response to Frankia is an extensive deformation of root hairs. This response occurs in actinorhizal plants belonging to the order Fagales (Betulaceae, Casuarinaceae) that display a range of relatively advanced features reminiscent of model legumes: a complex root hair infection process involving the formation of ITs and the implication of cortical cell divisions at the initial stages of infection (Svistoonoff et al., 2014). Frankia culture supernatants also cause root hair deformation (RHD) and a Frankia root hair deforming factor in Alnus (AgRHDF) was identified (Prin and Rougier, 1987; Ghelue et al., 1997; Cérémonie et al., 1999; Gabbarini and Wall, 2011). Using RHD as a bioassay, partial purification was achieved. AgRHDF is a relatively small (< 3 kDa), heat stable, hydrophilic molecule that is resistant to a chitinase treatment, but its chemical structure remains unknown (Cérémonie et al., 1999).

In recent years, we have developed complementary bioassays using plant genes that are specifically expressed in response to interaction with a compatible Frankia. This approach is particularly well suited for C. glauca where transgenic plants containing promoters of symbiotic genes fused to either GUS or GFP can be generated (Svistoonoff et al., 2010a). Expressed Sequence Tag (EST) libraries of C. glauca and Alnus glutinosa (Hocher et al., 2006, 2011) provide extensive lists of genes potentially involved in the actinorhizal symbiosis. Among the candidate genes, we identified CgNIN, the putative ortholog of legume NIN genes, which encodes a transcription factor playing a central role in rhizobial nodulation (Schauser et al., 1999; Marsh et al., 2007; Soyano et al., 2013, 2014; Yoro et al., 2014). In C. glauca, CgNIN also has an important role in nodulation particularly at early steps of infection (Clavijo et al., 2015). After contact with either Frankia cells or cell-free Frankia supernatants, the CgNIN promoter is strongly activated at 12 to 48 h (Clavijo et al., 2015). This property was used to establish a new bioassay leading to the partial purification and characterization of a NIN activating factor, called CgNINA. While rhizobial NFs are amphiphilic chitin-based molecules, CgNINA, like AgRHDF, is hydrophilic and resistant to chitinase (Chabaud et al., 2016). However, it is not known to what extent CgNINA is related to factors able to deform root hairs.

Further experiments concerning these Frankia symbiotic factors are reported here. We show that C. glauca was able to perceive a root hair deforming factor secreted by F. casuarinae (CgRHDF) and the properties of CgRHDF were compared to those previously identified with CgNINA. The presence of CgNINA and CgRHDF in strains representative of Frankia diversity was investigated.



MATERIALS AND METHODS

Plant Material and Growth Conditions

Casuarina glauca seeds (seed lot 15.934, ref.086-5929) were provided by the Australian Tree Seed Centre1. Ochetophila trinervis (= Discaria trinervis) seeds were collected from plants growing in Pampa de Huenuleo (Bariloche, Argentina). A. glutinosa seeds were harvested from a tree situated in the left bank of Rhône River in Lyon, France. C. glauca and O. trinervis seeds were disinfected and germinated in a sterilized substrate for three weeks and transferred into glass tubes filled with a modified Broughton and Dilworth (BD) medium as described previously (Ngom et al., 2016). A. glutinosa seeds were washed in distilled sterile water for 30 min before sterilization in 96% ethanol for 30 min followed by 3% solution of calcium hypochlorite for 30 min. Seeds were germinated on 1.5% plant agar for 10 days at 20°C, and transferred in 5 mL tubes containing liquid Fahraeus medium without nitrogen (Fahraeus, 1957). Plants were grown for 6 weeks in growth chamber at 25° C at 75% relative air humidity and 16 h light cycle/day. Transgenic C. glauca plants containing a ProCgNIN:GFP construct described previously (Clavijo et al., 2015) were grown in hydroponics in pots containing the modified BD medium and vegetatively propagated as described previously (Svistoonoff et al., 2010b).

Preparation of Cell-Free Supernatants and Inoculation

The bacterial strains used in this study are listed in Supplementary Table S1 and were grown for twenty-one days in modified basic propionate (BAP) media described previously (Ngom et al., 2016) according to conditions listed in Supplementary Table S1. Bacterial cultures were exposed to plant root exudates (RE) for five days as described previously (Beauchemin et al., 2012; Clavijo et al., 2015; Chabaud et al., 2016). Cell-free supernatant fluids were purified from cultures showing an absorbance of 0.3 at 595 nm. Cultures were collected by centrifugation at 4,000 g for 5 min and the supernatant fluids were filtered through a 0.22 μm filter as described in Chabaud et al., 2016. Unless otherwise indicated, experiments were performed with the supernatant fluids of a F. casuarinae culture induced with RE from its host plant C. glauca and referred to as FCS for Frankia casuarinae supernatant. FCS were concentrated fifty times (FCS 50X) using an R-210/215 evaporator (BÜCHI Labortechnik AG, Switzerland). Nodulation experiments with the different Frankia strains were performed as described previously (Alloisio et al., 2010; Svistoonoff et al., 2010b; Imanishi et al., 2011).

Characterization of F. casuarinae Supernatant Fluids

Temperature and pH Sensitivity

To test heat inactivation, FCS 50X was autoclaved at 120°C for 20 min. Cold sensitivity was determined by freezing FCS at -80°C for 1 h. The effects of pH on FCS activity were determined as follows: the initial pH of FCS (6.7) was adjusted to pH 3, 5, 7, 8 or 10 by adding either HCl or KOH solutions. The FCS mixtures that these pH values were incubated for 1h at room temperature and neutralized back to pH 6.7 by adding either HCl or KOH solutions before performing the bioassays described below. Samples that lost CgNINA or CgRHDF activities were sonicated for 30 min using a Branson 2510 sonicator.

Size Fractionation

To estimate the size of signaling molecules, the FCS samples were dialyzed as described in Chabaud et al., 2016. Ten mL of FCS 50X were dialyzed for 12h at 4°C against 5 L of ultrapure water with stirring and using either a 100–500, 500–1000 or 3500–5000 Da cutoff membrane (Float-A-Lyzer G2 dialysis devices, Spectrum Laboratories, CA, United States). The dialyzed solutions were tested using the CgRHD and CgNINA bioassays described below. The size of active compounds was also estimated using centrifugal filters with cutoffs of 30, 10, and 3 kDa (Amicon Ultra-4 centrifugal filters; Merck-Millipore, Cork, Ireland). Four mL of 50X FCS were loaded on a 30 kDa cell which was spun at 4,000 g for 20 min. The filtrate recovered from the 30 kDa filtration was treated similarly using a 10 kDa cell, and the resulting 10 kDa filtrate was added to a 3 kDa Cell and spun.

Phase Extraction and Sensitivity to Chitinase

Two sequential butanol extractions were performed on FCS 50X with a ratio 1-butanol / water (1:3; v/v) described previously (Chabaud et al., 2016). The butanol phase was evaporated at 80°C under a nitrogen flow and the residue was dissolved in 20% acetonitrile as described in (Chabaud et al., 2016). Chitinase digestions were performed on the aqueous phase extract as described previously (Chabaud et al., 2016). Chitinase activity was assessed using a colorimetric method to estimate the amount of p-nitrophenol (p-NP) released from a reaction mixture containing the substrate p-nitrophenyl N-acetyl glucosaminide (p-NP-NAG) (Parham and Deng, 2000). A solution containing 1 mg mL-1 of Streptomyces griseus chitinase (C6137; Sigma-Aldrich) in a 50 mM phosphate buffer pH 6.0 was prepared. A portion of this solution (100 μl) was mixed with 50 μl of 5X FCS aqueous extract, 100 μl of p-NP-NAG solution at10 mM and 250 μl of acetate buffer (pH 5.5 0,1 M). The reaction was incubated at 37°C for 1 h under stirring and was terminated by the addition of 250 μl of CaCl2 at 0.5 M and 1000 μl of NaOH at 0.5 M. The amount of p-NP released was evaluated by measuring the absorbance at 400 nm with a spectrophotometer. Enzyme activity was expressed in μg of liberated p-NP per hour of incubation. Control reactions were performed without p-NP-NAG, without chitinase and without the aqueous FCS extract.

Root Hair Deformation and NINA Bioassays in Casuarina glauca

Unless otherwise indicated, CgRHD and CgNINA bioassays were performed on aliquots of the same solution and the amount needed to achieve a final concentration equivalent a 10-2 dilution of raw (no diluted) Frankia culture supernatant was added to the nitrogen-free BD medium. All experiments were performed on at least 4 plants. At least two independent experiments were carried out for each tested solution.

The deformation of C. glauca root hairs (CgRHD) was evaluated using 3 week-old non transgenic plants grown in glass tubes exposed to nitrogen starvation for one week as described previously (Ngom et al., 2016). Treatments were performed by replacing the medium with fresh nitrogen-free BD medium containing the assayed solution. Deformation of root hairs situated on small lateral roots was scored as described by Clavijo et al. (2015) using micrographs taken with a BX50F microscope (Olympus) equipped with a Micro Publisher 3.3 RTV (Qimaging) digital camera. A blind evaluation of each micrograph was performed to determine the deformation level of observed root hairs using the following scale based on Clavijo et al. (2015): 0a: no deformation; 0b: straight root hair with tip swelling; 1 weak deformation, only one change in growth direction; 2: intermediate deformation, more than one change in growth direction but no bifurcation; and 3: strong deformation: one or more bifurcations (Figure 1). Deformation levels 0a and 0b were considered non-symbiotic. For each experiment at least four plants were analyzed per treatment and 6 small lateral roots were analyzed per plant. The total number of root hairs scored for each level of symbiotic deformation was used for the statistical analyzes described below. Each experiment was repeated four times independently.
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FIGURE 1. Bioassays used to quantify the activation of ProCgNIN and root hair deformation in C. glauca. (A–D) Representative images showing levels of GFP fluorescence in root hairs of transgenic ProCgNIN:GFP C. glauca plants used for the CgNINA bioassay. Arrowheads indicate root hairs. (A) no signal, level 0; (B) weak signal, level 1; (C) medium signal, level 2; (D) strong signal, level 3. (E–I) representative images showing levels of root hair deformation in C. glauca used in the CgRHDF bioassay. (E) no deformation, level 0a; (F) tip swelling, level 0b; (G) one change in growth direction, level 1; (H) more than one change in growth direction but no bifurcation;, level 2; (I) one or more bifurcations, level 3. Arrowheads indicate deformed root hairs.



For each treatment the percentage of symbiotic deformation (%SyD) defined as the proportion of root hairs showing a symbiotic response was calculated and used to determine a deformation index using the following scale: level 1: SyD < 15%; level 2: 16% < SyD < 25%; level 3: 26% < SyD < 40%; level 4: SyD > 41%.

The activation of ProCgNIN in response to tested solutions was evaluated using transgenic ProCgNIN:GFP plants that were grown in hydroponics deprived of nitrogen for one week as previously described (Clavijo et al., 2015; Chabaud et al., 2016). After 24 h of contact with tested solutions, GFP fluorescence was monitored in the short lateral root hairs using an AZ100 macroscope (Nikon) equipped with a 5X objective, a GFP filter (Excitation filter 470 nm ± 40 nm; Barrier filter 535 nm ± 50 nm; Nikon) and a digital camera Sight D5 RI1 (Nikon). For each observation, a blind evaluation of GFP fluorescence levels was performed using the following scale: 0: no detectable fluorescence; 1: weak fluorescence; 2: intermediate fluorescence; and 3: strong fluorescence (Figure 1). For each experiment the number of plants with a given fluorescence level was used for the statistical analysis described below. Each experiment was repeated at least four times independently.

Root Hair Deformation Bioassay in A. glutinosa

The deformation of A. glutinosa root hairs (AgRHD) was evaluated using 7 week-old plants that had at least four well developed secondary roots. Biological tests were performed at 10-2 final dilutions of Frankia culture supernatant fluids on plants growing in 5 ml Fahraeus media without nitrogen. Evaluation of deformation was done in the region located about 1.5 cm from the root tip and five levels of RHD were recorded for each observed root: 0a: no deformation; 0b: swelling; 1: branching; 2: branching and partial deformation; 3: total RHD and retracting. Deformation levels 0a and 0b were considered as non-symbiotic. All experiments were performed on at least 3 plants and 5 roots were observed for each plant.

Statistical Analyses

Statistical analyses were performed on raw data: the number of hairs counted in each level of deformation using the R software package (R Core Team, 2013). A Shapiro-Wilk normality test was performed followed by a non-parametric Kruskal-Wallis multiple comparison test and a pairwise Wilcoxon test. These tests were used to compare the symbiotic response obtained for each treatment.

Phylogenetic Tree

The strict core genome of 17 Frankia strains was determined with the Get_Homologs package (Contreras-Moreira and Vinuesa, 2013). Out of 150,000 amino acid sequences in the Frankia pan genome, 420 proteins were identified as orthologs and part of the strict Frankia core genome. A concatenated phylogenetic tree was constructed. These concatenations were aligned using Clustal W (Larkin et al., 2007). The distance matrix was computed by Jukes-Cantor method (Jukes and Cantor, 1969). The Neighboring-joining method (Saitou and Nei, 1987) was used to build the phylogeny. The percentage of replicate trees in which the associated taxa clustered together was determined using a bootstrap test (1000 replicates) (Felsenstein, 1985). Streptomyces coelicolor was used as an outgroup.



RESULTS

CgRHD and CgNINA Activities Are Present in F. casuarinae Supernatant Fluid

Previous studies have shown that factors inducing RHD in A. glutinosa (AgRHDF) are present in several Alnus-infective Frankia strains (Prin and Rougier, 1987; Ghelue et al., 1997; Cérémonie et al., 1999). We recently found that F. casuarinae produces an extracellular factor, named CgNINA, which is able to induce the expression of the early symbiotic gene CgNIN in small lateral roots (Clavijo et al., 2015; Chabaud et al., 2016). To investigate whether a root hair deforming factor, hereafter named CgRHDF, was also produced by F. casuarinae, we incubated wild type C. glauca plants with 2 10-1, 10-2 10-3, and 10-4-fold dilutions of F. casuarinae supernatant fluids (FCS) and scored the deformation of root hairs situated in small lateral roots. In parallel, transgenic plants containing the ProCgNIN:GFP construct were incubated with the same solutions and the activation of ProCgNIN was recorded. As shown in Figure 2 and Supplementary Table S2, no RHD and no GFP fluorescence were detected in negative control roots treated with diluted BAP medium. RHD and GFP expression were maximal for the 10-2 dilution and lower levels of deformation and GFP fluorescence was observed with higher dilutions. The more concentrated dilution had a decreased response for both RHD and GFP fluorescence suggesting that the receptor could be saturated or inhibitory compounds may be associated with the extracts. At the dilutions 10-1 and 10-4, only the CgNINA bioassay showed a significant difference with the negative control suggesting that the CgNINA bioassay is more sensitive that the one based on CgRHD. The last three dilutions (10-2 to 10-4) appear to show dose-dependent responses for the CgNINA bioassay that may be used to quantify this factor.
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FIGURE 2. Effect of cell-free F. casuarinae supernatant fluids (FCS) on Casuarina glauca root hair deformation (CgRHDF bioassay) and the activation of ProCgNIN (CgNINA bioassay). Plants were incubated with Frankia culture supernatant fluids (FCS) at the indicated dilutions and the Frankia culture medium BAP was used as a negative control. Orange bars represent the proportion of deformed root hairs in short lateral roots 2 days after contact with FCS dilutions. Green bars represent the proportion of plants expressing GFP in short lateral roots at different levels. Asterisks above bars indicate symbiotic responses significantly different from the negative control (P < 5%).



CgRHDF and CgNINA Share Physio-Chemical Properties

CgRHDF and CgNINA properties were further compared by using similar treatments to those used to characterize CgNINA (Chabaud et al., 2016). First, the effects of temperature and pH sensitivity were analyzed. As shown in Figures 3A,B and Supplementary Table S2, CgRHD was not affected by elevated temperatures (autoclaving) or treatment at pH values ranging from 5 to 10. However, cold treatment (freezing) or acidic pH conditions severely decreased CgRHD levels. Sonication of the inactivated fractions (frozen or acid-treated) resulted in a partial recovery of CgRHD activity (Figures 3A,B and Supplementary Table S2). Similar results were obtained with the CgNINA bioassay. These results suggesting that both factors are thermoresistant and possibly precipitate at low pH or upon freezing but this aggregate can be resuspended using sonication. Both dialysis membranes and centrifugal filters were used to determine the approximate size of CgRHDF and CgNINA. As shown in Figure 3C and Supplementary Table S2, CgRHDF and CgNINA were detected inside the 100–500 Da and the 500-1000 Da cut-off dialysis tubing, but only a residual activity was found in the 3.5–5 kDa) suggesting that both factors correspond to small molecules with a molecular mass between 1 and 3.5 kDa. Experiments performed using centrifugal filters with 30, 10, and 3 kDa cut-offs yielded similar results for the CgNINA bioassay (Figure 3D and Supplementary Table S2). However, maximum activity using the CgRHD bioassay was detected in the 3 kDa and 10 kDa retentates and only residual CgRHD was detected in the 3kDa flow though suggesting that both factors correspond to small but distinct molecules. Taken together these experiments suggest that the size of CgNINA is between 1 and 3 kDa while CgRHDF is between 3 and 3.5 kDa. The polarity of the two factors was investigated using a butanol extraction. CgRHDF and CgNINA were only detected in the aqueous phase, indicating that both factors are hydrophilic (Figure 3E and Supplementary Table S2). Finally, we investigated whether CgRHDF contains a chitin backbone by performing the chitinase digestion experiment described in Chabaud et al. (2016). As shown in Figure 3F and Supplementary Table S2, the incubation with chitinase had no significant effect on CgRHDF or CgNINA activities. To rule out any inhibitory effect by FCS, we quantified the chitinase activity in the FCS/chitinase solution. As shown in Supplementary Figure S1, chitinase activity was not decreased by the addition of FCS to the chitinase solution. We conclude that F. casuarinae secretes two factors, CgNINA and CgRHDF, which are possibly two distinct molecules. Both factors sharing similar biochemical properties and correspond to small hydrophilic and thermoresistant molecules lacking a chitin backbone.
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FIGURE 3. Physico-chemical properties of CgRHDF and CgNINA. Orange bars show the proportion of deformed root hairs in short lateral roots 2 days after contact with FCS submitted to the different treatments. BAP medium diluted 100 times was used as a negative control. Asterisks above bars indicate symbiotic responses significantly different from the negative control (P < 5%). (A) Temperature sensitivity. High levels of CgRHD and GFP were detected in autoclaved FCS but no significant activity was present in FCS that was previously frozen. Sonication of frozen FCS (Frozen-S) allowed partial recovery of CgRHD and CgNINA activities. (B) pH sensitivity: FCS were incubated at different pH for one hour at the indicated pH. Sonication of FCS incubated at pH3 (pH3-S) restored CgRHD and CgNINA levels similar to the untreated control. (C) Size estimation using a dialysis tubing. CgRHD and CgNINA activities inside dialysis tubings with the indicated cutoffs was scored (D) Size estimation using centrifugal filters. FCS were submitted to successive filtrations using filters with the indicated cut-offs. CgRHD and CgNINA were evaluated on the retentate or the flow through (Flow t.). (E) CgRHD and CgNINA activity after 1-butanol extraction. Significant activities were only detected in the aqueous fraction (FCSaq) and not in the organic fraction (FCSorg). (F) Sensitivity to Chitinase. FCSaq incubated with chitinase showed similar CgRHD and CgNINA activities compared to untreated FCS.



Presence of RHDF and CgNINA in Frankia Strains Representative of Frankia Diversity

We were interested in determining whether other Frankia strains had CgNINA and RHDF activities and tested different strains representing Frankia diversity. Cell-free supernatant fluids corresponding to 16 Frankia strains and another Actinobacteria, S. coelicolor, were tested for their capacity to deform C. glauca root hairs. As shown in Figure 4, Supplementary Table S3, and Supplementary Figure S2, CgRHD was present in all the Frankia belonging to clades I and III. The strongest activities were detected in strains that nodulate the genus Casuarina (clade Ic). Remarkably, RHD activity was also detected for several Frankia strains unable to form nodules on Casuarina such as F. alni (Clade Ia, Alnus-infective), Frankia eleagni and EANIpec (both clade III, Elaeagnus-infective strains). No deformation was detected for Frankia coriariae (clade II). Supernatant fluids from the atypical strains from clade IV or from the non-Frankia actinobacterium S. coelicolor did not induce RHD on Casuarina. Similar results were obtained when the same supernatant fluids were tested with the NIN bioassay (Figure 4, Supplementary Table S3, and Supplementary Figure S2) except for F. discariae.
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FIGURE 4. Distribution of CgRHD, CgNINA, and AgRHD activities in Frankia strains representative of Frankia diversity. A genome-wide phylogenetic tree of 17 Frankia strains and S. coelicolor was constructed using the concatenated sequences of 420 shared proteins. Distances were computed by the Jukes-Cantor method and the neighbor-joining method was used to build the tree. One thousand bootstrap replications were used to evaluate statistical support for branches. Cell-free supernatant fluids of each strain were tested for their ability to induce RHD and the activation of ProCgNIN on C. glauca and RHD on A. glutinosa. Levels of response recorded for each strain correspond to the maximum deformation index and the maximum GFP fluorescence level for C. glauca and the maximum deformation level for A. glutinosa.



The strong RHD and NINA activities obtained with the Alnus-strain F. alni prompted us to investigate whether the same culture supernatant fluids could induce RHD on A. glutinosa. As shown in Figure 4 and Supplementary Figure S2, responses observed in A. glutinosa were generally similar or stronger compared to the ones recorded in C. glauca particularly for strains belonging to group III. Interestingly, strains that were not able to activate ProCgNIN or to deform root hairs of C. glauca such as F. coriariae and the two atypical strains from group IV, EuI1c and CN3 were able to deform A. glutinosa root hairs. To confirm the absence of unintentional contaminations with a compatible strain, C. glauca, A. glutinosa, and O. trinervis were inoculated with the bacterial pellet obtained while preparing the supernatant fluids described above. As shown in Supplementary Table S3, nodules were only obtained with compatible strains, thus demonstrating that responses recorded with incompatible strains are not the result of any contamination; incompatible strains are thus probably able to synthetize CgRHDF and CgNINA.

Surprisingly for F. discariae, we detected not only weak levels of RHD in C. glauca but also a weak activation of ProCgNIN and a strong deformation of root hairs in A. glutinosa (Figure 4 and Supplementary Figure S2). These results are in apparent contradiction with our previous work, in which we could not detect any activation of ProCgNIN in response to F. discariae supernatants. However, at that time F. discariae cultures were induced with RE from O. trinervis instead of C. glauca (Chabaud et al., 2016). We therefore repeated the experiments for F. alni and F. discariae using RE from A. glutinosa and O. trinervis, respectively. As shown in Figure 4, Supplementary Table S3, and Supplementary Figure S2, incubation of F. alni with RE from the host plant (A. glutinosa) did not change the response of C. glauca, but slightly increased the response of A. glutinosa. For F. discariae, incubation with exudates from O. trinervis reduced the level of ProCgNIN activation compared to the experiment performed with RE from C. glauca or without RE and the results obtained were not significantly different from the negative control (Supplementary Figure S2). Together, these results showed that F. discariae is able to synthetize molecules able to induce CgRHD, AgRHD, and the activation of ProCgNIN. The activation of ProCgNIN was enhanced when F. discariae was incubated with RE from C. glauca and was possibly below detection limits using the less sensitive equipment described in (Chabaud et al., 2016).



DISCUSSION

Presence of CgRHDF and Comparison to CgNINA

In legumes, RHD is one of the earliest visible responses induced upon recognition of rhizobial NFs by the host plant, and the development of a bioassay based on RHD was crucial to identify the chemical nature of NFs (Lerouge et al., 1990). The perception of NFs also provokes significant alterations of gene expression and notably the expression of symbiosis-induced genes such as MtEnod11 (Journet et al., 2001) and NIN (Schauser et al., 1999; Radutoiu et al., 2003). In actinorhizal plants infected intracellularly such as C. glauca and A. glutinosa, RHD is also one of the first visible responses to Frankia inoculation and factors able to induce RHD in Alnus (AgRHDF) have been partially purified and characterized (Cérémonie et al., 1999). In C. glauca, we have used transgenic plants expressing a ProCgNIN:GFP fusion to characterize CgNINA, a factor present in cell free F. casuarinae supernatant fluids able to activate the CgNIN promoter in C. glauca root hairs. Here we have shown that a CgRHDF is also present in cell-free F. casuarinae supernatant fluids. Furthermore, we have shown that CgRHDF and CgNINA share similar physico-chemical properties listed in Table 1. Interestingly the experiment performed with centrifugal filters suggests that CgNINA and CgRHDF are both small molecules with slightly different sizes, CgNINA being probably smaller than CgRHDF. This observation is intriguing if CgNINA or CgRHDF are the actinorhizal analogs of rhizobial NFs because NFs are known to induce both RHD and the expression of early nodulins such as NIN. Responses obtained with centrifugal filters were however, less contrasted compared to the other experiments shown here and residual CgRHD activity was still present in the 3kDa flow through. We therefore cannot exclude that CgNINA also possess a small RHD activity and additional experiments are needed to confirm this hypothesis. If CgRHDF and CgNINA can indeed be separated, it would be interesting to know if those molecules are able to induce the high frequency nuclear Ca2+ spiking in growing C. glauca root hairs as described previously (Chabaud et al., 2016). The ability to induce Ca2+ oscillations in response to symbiotic bacteria is a common feature of nodulating species within the nitrogen-fixing clade (Granqvist et al., 2015). Alternatively we hypothesize that CgRHDF and CgNINA are the same molecule but a cofactor or a specific decoration is needed to enhance CgRHD activity without affecting its ability to activate ProCgNIN. The 3 kDa centrifugal filter possibly eliminated decorated molecules with higher mass or cofactors and therefore strong activity was only detected with the CgNINA bioassay.

TABLE 1. Properties of CgRHDF, CgNINA, AgRHDF, and rhizobial NFs.
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Comparison With AgRHDF and Rhizobial Nod Factors

CgRHDF and CgNINA also share many characteristics with AgRHDF, the corresponding factor characterized using A. glutinosa/F. alni (Table 1; Ghelue et al., 1997; Cérémonie et al., 1999). However, both factors appear to be structurally different from the rhizobial NFs because unlike NFs they are not found in the organic phase following a butanol extraction and are not sensitive to the endochitinase from Aeromonas hydrophila (Cérémonie et al., 1999) or the exochitinase from S. griseus (Cérémonie et al., 1999; Chabaud et al., 2016). This difference is in agreement with (1) the lack of nodA genes in the sequenced genomes of F. casuarinae and F. alni (Normand et al., 2007). (2) the absence of chitin oligomers in F. alni supernatant fluids (Cérémonie et al., 1999), and (3) the failure of NFs from the broad host-range rhizobia NGR234 to elicit RHD or Ca2+ spiking in A. glutinosa or C. glauca (Cérémonie et al., 1999; Granqvist et al., 2015; Chabaud et al., 2016). The possibility that actinorhizal recognition is mediated by molecules that are not hydrolyzed by tested chitinases is unexpected because downstream components of the NF signaling pathway are conserved not only between actinorhizal and rhizobial symbioses (Svistoonoff et al., 2014; Griesmann et al., 2018), but also between rhizobial and arbuscular-mycorrhizal symbioses where chitin-derived Myc-LCOs and COs play an important role as signaling molecules (Camps et al., 2015). Putative orthologs of NF receptors are present in C. glauca and A. glutinosa (Hocher et al., 2011). We are currently studying whether these genes play a role in actinorhizal symbioses. Because LysM receptor kinases have been shown to recognize not only chitin-derived molecules but also peptidoglycans and exopolysaccharides (Willmann et al., 2011; Kawaharada et al., 2015), orthologs of genes encoding NF receptors could be involved in the recognition of CgRHDF/NINA or AgRHDF, even if their chemical backbone is not chitin-based.

Presence of NINA and CgRHDF in Other Frankia Strains

In most legumes, NFs allow the specific recognition between the host plant and its symbiotic rhizobia (Masson-Boivin et al., 2009; Oldroyd, 2013). Changes in specific decorations often result in host incompatibility (Dénarié et al., 1996) but NFs from incompatible strains can induce symbiotic responses such as RHD and activation of symbiotic genes when applied at increased concentrations (Roche et al., 1991). These results can be explained by changes of affinity between NFs and the cognate NF receptors able to recognize the chitin backbone and also the modified backbone structure. A misrecognition leads to decreased affinity but this can be compensated by increased amounts of substrate (Dénarié et al., 1996). The symbiotic responses in non-host plants reported here point to a similar mechanism in C. glauca: strains from clades I and III possibly synthesize molecules sharing a common molecular backbone that is recognized by C. glauca receptors inducing RHD and the activation of ProCgNIN promoter. Optimal recognition is achieved for compatible strains (clade Ic) and some related strains (F. alni from clade Ia) but only the backbone would be recognized for more distant strains (clade III). This recognition is not detectable for non-infective strains (clade IV) and the distantly related strain F. coriariae suggesting that those strains do not produce sufficient amounts of this recognized backbone under the tested conditions.

Comparison Between CgRHDF and AgRHDF

Compared to CgRHDF and CgNINA, the distribution of AgRHDF seems less related to phylogeny. Generally, AgRHDF levels were stronger for clade III strains and several strains without any CgRHDF or CgNINA activity (F. coriariae and two uninfective strains from clade IV). These differences suggest that the AgRHDF assay detects smaller concentrations of deforming factors or that root hairs of A. glutinosa are deformed by a wider range of molecules compared to C. glauca. This second hypothesis is in agreement with RHD detected in Alnus roots incubated with non-Frankia bacteria or fungi (Berry and Torrey, 1983; Knowlton and Dawson, 1983; Prin and Rougier, 1987; Sequerra et al., 1994).

Impact of Root Exudates

We also found that the nature of RE used to incubate Frankia cultures could have an impact on RHDF and CgNINA activities. Unexpectedly lower CgRHDF and CgNINA activities were found when F. discariae was cultivated with RE from O. trinervis compared to RE from C. glauca. In legumes, specific flavonoids secreted by the host plant induce the expression of nod genes and the synthesis of NFs (Oldroyd, 2013). RE secreted by the host plant probably also play a role in actinorhizae formation because the incubation with RE induces morphological changes in Frankia and accelerate the nodulation process (Gabbarini and Wall, 2008, 2011; Beauchemin et al., 2012). Myricaceae seed extracts also influence Frankia growth (Bagnarol et al., 2007). In Alnus AgRHDF is reported to be produced either constitutively (McEwan et al., 1992; Ghelue et al., 1997; Cérémonie et al., 1999) or upon induction with RE (Prin and Rougier, 1987). Different plant RE have different effects on Frankia physiology. Information about CgRHDF is scarce but flavonoids isolated from Casuarina seeds have been shown to induce the production of CgRHDF by the Casuarina-infective BR strain (Selim, 1995). Increased CgRHD activity in F. discariae incubated with C. glauca RE could be due to increased amounts of flavonoids in Casuarina RE compared to O. trinervis.
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Two types of nitrogen-fixing root nodule symbioses are known, rhizobial and actinorhizal symbioses. The latter involve plants of three orders, Fagales, Rosales, and Cucurbitales. To understand the diversity of plant symbiotic adaptation, we compared the nodule transcriptomes of Datisca glomerata (Datiscaceae, Cucurbitales) and Ceanothus thyrsiflorus (Rhamnaceae, Rosales); both species are nodulated by members of the uncultured Frankia clade, cluster II. The analysis focused on various features. In both species, the expression of orthologs of legume Nod factor receptor genes was elevated in nodules compared to roots. Since arginine has been postulated as export form of fixed nitrogen from symbiotic Frankia in nodules of D. glomerata, the question was whether the nitrogen metabolism was similar in nodules of C. thyrsiflorus. Analysis of the expression levels of key genes encoding enzymes involved in arginine metabolism revealed up-regulation of arginine catabolism, but no up-regulation of arginine biosynthesis, in nodules compared to roots of D. glomerata, while arginine degradation was not upregulated in nodules of C. thyrsiflorus. This new information corroborated an arginine-based metabolic exchange between host and microsymbiont for D. glomerata, but not for C. thyrsiflorus. Oxygen protection systems for nitrogenase differ dramatically between both species. Analysis of the antioxidant system suggested that the system in the nodules of D. glomerata leads to greater oxidative stress than the one in the nodules of C. thyrsiflorus, while no differences were found for the defense against nitrosative stress. However, induction of nitrite reductase in nodules of C. thyrsiflorus indicated that here, nitrite produced from nitric oxide had to be detoxified. Additional shared features were identified: genes encoding enzymes involved in thiamine biosynthesis were found to be upregulated in the nodules of both species. Orthologous nodule-specific subtilisin-like proteases that have been linked to the infection process in actinorhizal Fagales, were also upregulated in the nodules of D. glomerata and C. thyrsiflorus. Nodule-specific defensin genes known from actinorhizal Fagales and Cucurbitales, were also found in C. thyrsiflorus. In summary, the results underline the variability of nodule metabolism in different groups of symbiotic plants while pointing at conserved features involved in the infection process.

Keywords: nitrogen-fixing root nodules, actinorhiza, nitrogen metabolism, divergent evolution, subtilase, defensin, Nod factor receptor


INTRODUCTION

Nitrogen is the element that most often limits plant growth. Members of four different plant orders can form root nodule symbioses with nitrogen-fixing soil bacteria (Mylona et al., 1995). In the root nodules, bacteria fix ambient dinitrogen while being hosted within plant cells. There are two types of root nodule symbioses; (i) most legume species and the non-legume genus Parasponia (Cannabaceae, Rosales) interact with a polyphyletic group of Gram-negative proteobacteria collectively known as rhizobia and (ii) actinorhizal plants interact with Gram-positive actinobacteria from the genus Frankia. The latter encompass 24 genera distributed over eight families across three orders: Cucurbitales (Datiscaceae and Coriariaceae), Fagales (Betulaceae, Casuarinaceae, and Myricaceae), and Rosales (Elaeagnaceae, Rhamnaceae, and Rosaceae) (Soltis et al., 1995; Pawlowski and Demchenko, 2012). Together with Fabales, they form a monophyletic group within the Fabid clade (Soltis et al., 1995; Angiosperm Phylogeny Group, 2016). Despite sharing a relatively recent ancestor (ca. 100 mya; Bell et al., 2010), actinorhizal species show high diversity in nodule anatomy, physiology, and metabolism (Swensen, 1996; Pawlowski and Demchenko, 2012).

Phylogenetic analyses have shown that symbiotic Frankia strains comprise three clusters that mostly correlate with host specificity (Normand et al., 1996; Sen et al., 2014). Cluster I strains nodulate members of three families in the Fagales [Betulaceae, Casuarinaceae (except for the genus Gymnostoma), and Myricaceae (except for the genus Morella)]. Cluster II strains display a wide host range nodulating all actinorhizal Cucurbitales and members of two Rosales families (Rosaceae and the genus Ceanothus in the Rhamnaceae). Cluster III strains nodulate species in Rosales (Elaeagnaceae and Rhamnaceae, except for the genus Ceanothus), and Fagales (the genera Gymnostoma and Morella). Cluster II, representing the earliest divergent clade within Frankia, comprises strains of which so far only two have been cultured (Gtari et al., 2015; Persson et al., 2015; Nguyen et al., 2016; Gueddou et al., 2018). This study focuses on two host plant species of cluster II Frankia strains, one from the Cucurbitales (Datisca glomerata, Datiscaceae) and one from the Rosales (Ceanothus thyrsiflorus, Rhamnaceae).

Several aspects of root nodule symbioses well researched in legumes are still understudied in actinorhizal plants. For example, nodule organogenesis and uptake of bacteria by plant roots are the result of the exchange of diffusible signals between host and bacteria (Oldroyd, 2013). Rhizobia signal to their host plants via lipochitooligosaccharide (LCO) Nod factors. In rhizobia, the synthesis of the LCO common backbone requires the enzymes encoded by the canonical nod genes nodABC. Plants perceive these LCO Nod factors by a heterodimer of LysM receptors, which then signal via the common symbiotic pathway that is shared with, and recruited from, arbuscular mycorrhizal symbioses (Oldroyd, 2013). Signaling in actinorhizal symbioses is less well examined. Frankia genome analysis led to the assumption that genes from clusters I and III do not signal via LCO Nod factors (Normand et al., 2007). Nevertheless, recent sequencing of Frankia cluster II genomes showed that they contain the canonical nod genes nodABC, and these genes are expressed in planta (Persson et al., 2015; Nguyen et al., 2016). So the first question concerns the presence and expression of genes orthologous to the known legume Nod factor receptor genes in roots and nodules of both plant species.

The second question to address is the mechanism of stable intracellular accommodation of Frankia within nodule cells. Cytological analysis of D. glomerata as representative of actinorhizal Cucurbitales have shown that the infection thread growth mechanism seems to differ from that used in Fagales and from that of Rosales (Berg et al., 1999; reviewed by Pawlowski and Demchenko, 2012). Genes encoding products relevant for infection thread growth have been identified in legumes (Suzaki et al., 2015), and the expression of their homologs could be examined in both actinorhizal species.

The third question concerns the nitrogen metabolism in nodules, specifically, the nitrogen source exported by the intracellular nitrogen-fixing microsymbionts to the plant cytoplasm. In legumes, it is generally accepted that this nitrogen source is ammonia, which is then assimilated in the cytosol of the infected nodule cells via the glutamine synthetase (GS)/glutamate synthase (GOGAT) pathway. High levels of plant GS expression in infected nodule cells have been shown for various legumes, such as Phaseolus vulgaris (Forde et al., 1989), Glycine max (Miao et al., 1991), and Medicago sativa (Temple et al., 1995). In similar fashion, ammonia has also been shown to represent the probable export product of Frankia in the actinorhizal tree Alnus glutinosa (Betulaceae, Fagales) based on the localization of plant GS (Hirel et al., 1982; Guan et al., 1997) and on the low levels of expression of Frankia GS in symbiosis (Alloisio et al., 2010). However, results of Berry et al. (2004, 2011) indicate that in D. glomerata nodules, Frankia exports an assimilated form of nitrogen, probably arginine, which is broken down in uninfected, rather than infected nodule cells, whereupon the ammonia is reassimilated in the GS/GOGAT pathway. Accordingly, plant GS expression is enhanced in nodules compared to roots, but not in infected cells (Berry et al., 2004). Thus, it remains unclear whether the export of an assimilated form of nitrogen from Frankia rather than ammonia is a feature of the nodules of actinorhizal Cucurbitales, or a feature of nodules induced by cluster II Frankia strains. Furthermore, the principal form of nitrogen transported in the xylem, and thus the N metabolite pattern in nodules, differs among actinorhizal plants. In actinorhizal Rosales, asparagine was identified as the principal xylem amino acid in Hippophae, Elaeagnus, Ceanothus, and Discaria (Schubert, 1986; Valverde and Wall, 2003), while in D. glomerata, glutamine, and glutamate were identified as the major xylem nitrogen transport forms (Berry et al., 2004, 2011; Persson et al., 2016). In actinorhizal Fagales (Alnus and Casuarina), the ureide citrullin was identified as the principal xylem nitrogen transport form (Walsh et al., 1984; Schubert, 1986).

The fourth question concerns the side effects of the oxygen protection system for nitrogenase, namely, oxidative and nitrosative stress. The enzyme complex nitrogenase is irreversibly deactivated by oxygen (Shah and Brill, 1973); however, the high energy demands of nitrogen fixation require optimal respiratory activity. In rhizobial symbioses the host reconciles this conflict; i.e., an oxygen barrier in the nodule cortex results in microaerobic conditions in the area of infected cells, in which oxygen carriers (class II hemoglobins, “leghemoglobins,” in legumes, and a class I hemoglobin in Parasponia spp.) enable optimal respiration (Minchin, 1997; Garrocho-Villegas et al., 2007). In contrast with rhizobia, Frankia strains can provide oxygen protection for nitrogenase themselves by differentiating specialized cell types, vesicles, surrounded by multi-layered envelopes containing hopanoids, bacterial steroid lipids. In these vesicles, nitrogenase is protected from oxygen (Parsons et al., 1987; Berry et al., 1993). As in actinorhizal nodules both host and bacteria can contribute to oxygen protection, the corresponding processes are diverse (Silvester et al., 1990). The process established in legumes leads to the production of high amounts of reactive oxygen species (ROS), first as a side product of leghemoglobin activity (Becana et al., 2000; Ott et al., 2005; Günther et al., 2007) and second as a side effect of mitochondrial respiration under hypoxia (Fukao and Bailey-Serres, 2004). This oxidative stress requires efficient detoxification. Furthermore, nodules are also exposed to nitrosative stress since nitric oxide (NO) is produced throughout the symbiosis in nodules of legumes (Hichri et al., 2015) and also in those of Alnus firma (Sasakura et al., 2006). NO can be synthesized by NO synthase, arise from non-enzymatic conversion of nitrite to NO in the apoplast (Bethke et al., 2004), or be produced by reductive pathways involving nitrate reductase (NR) or nitrite:NO reductase (Gupta and Igamberdiev, 2011). Detoxification of NO can be performed by class I hemoglobins (Igamberdiev et al., 2006; Perazzolli et al., 2006) and also by truncated hemoglobins (Sanz-Luque et al., 2015).

In nodules of Ceanothus spp., spherical vesicles resemble those found in Frankia liquid culture (Strand and Laetsch, 1977). Thus, similar to nodules of A. incana ssp. rugosa, the plant does not seem to contribute to prevent nitrogenase denaturation from oxygen (Silvester et al., 1988; Kleemann et al., 1994). In contrast, in nodules of D. glomerata, lanceolate Frankia vesicles arranged in radial orientation form a sphere around the central vacuole of the infected cells. As a second barrier at the place of oxygen access to this sphere, a thick layer of blanket mitochondria provides physiological oxygen protection (Silvester et al., 1999). The expression of a truncated hemoglobin in these cells indicates nitrosative stress (Pawlowski et al., 2007; Sanz-Luque et al., 2015).

Another question concerns the role of vitamins. The induction of genes encoding enzymes involved in thiamine (vitamin B1) biosynthesis has long been known for nodules of actinorhizal Fagales (Ribeiro et al., 1996; Hocher et al., 2011) and recently was also reported for the model legume Lotus japonicus (Nagae et al., 2016a). Despite its increasing interest, the role of thiamine in root nodule symbioses has yet to be understood. However, some data are available; e.g., the loss of function for a key gene involved on its biosynthesis has led to reduced nodule number in L. japonicus (Nagae et al., 2016a,b). Thus, nodule function in legumes and actinorhizal Fagales seems to require high amounts of thiamine. In this context, it is interesting that in Arabidopsis thaliana thiamine participates in the adaptation to oxidative (Tunc-Ozdemir et al., 2009) as well as to abiotic stresses (Ribeiro et al., 2005; Rapala-Kozik et al., 2012). However, it remains unclear whether the requirement for increased thiamine biosynthesis also extends to nodules of actinorhizal Cucurbitales and Rosales. The synthesis of folic acid (vitamin B9) which modulates root architecture (Ayala-Rodríguez et al., 2017) was included in the analysis.

Light-induced gene expression is not expected in subterranean plant organs, so the transcription of the plastidic gene encoding ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and the nuclear gene encoding RuBisCO activase in nodules of D. glomerata was a surprising result (rbcL and rca; Okubara et al., 1999). Yet, plants contain a variety of photoreceptors – phytochromes, cryptochromes and phototropins – to respond to light of different wavelengths, and these photoreceptors are not restricted to aerial parts, they also occur in roots (van Gelderen et al., 2018). Root development including nodulation is affected by light (Gundel et al., 2014; Shimomura et al., 2016). Moreover, some photoreceptors integrate light- and temperature signals (Casal and Qüesta, 2018). That being said, it is generally accepted that photosynthesis does not take place in subterranean organs, so the expression of rbcL and rca in D. glomerata nodules remained unexplained. Therefore, the analysis of expression of photosynthesis-related genes in nodules vs. roots was included in this study.

Subtilases are involved in many signaling pathways, e.g., pathways associated with organogenesis and senescence (Taylor and Qiu, 2017). In particular, subtilases are induced in plant-microbe interactions, e.g., arbuscular mycorrhiza (Takeda et al., 2009). In actinorhizal symbioses, nodule-specific subtilases were identified in Fagales (A. glutinosa; Ribeiro et al., 1995; Casuarina glauca; Laplaze et al., 2000) and recently also in Rosales (Discaria trinervis; Fournier et al., 2018). Therefore, their presence was also examined for nodules of D. glomerata and C. thyrsiflorus.

A mutualistic interaction has to guard against parasitic individuals that extract benefits without paying costs (“cheaters”) and thus proliferate more efficiently than their mutualistic brethren. In natural environments, many rhizobia have very low nitrogen fixation capacity (Oono et al., 2009). Plants from two groups of legumes, namely the Dalbergioids and the Inverted Repeat-Lacking Clade (IRLC), form cysteine-rich peptides (NCRs) in nodules which affect the differentiation of the microsymbionts. Their effects include amplification of the rhizobial genome, inhibition of rhizobial cell division, rhizobial cell elongation and -branching, as well as modification of the rhizobial plasma membrane (Van de Velde et al., 2010), a mechanism originally thought to have evolved for the control of rhizobial “cheaters.” However, recent results show that NCRs can have positive as well as negative effects on rhizobia (Pan and Wang, 2017). Nodule-specific expression of cysteine-rich peptides – in this case, defensins – was also found for actinorhizal Fagales (A. glutinosa; Carro et al., 2015) and of Cucurbitales (D. glomerata; Demina et al., 2013). So the question remains whether other actinorhizal plants, especially from the Rosales, form NCRs.

In summary, in this study, transcriptome sequencing combined with Reverse Transcription – quantitative PCR (RT-qPCR) was employed to compare nodules induced by Frankia cluster II strains on D. glomerata (Cucurbitales) and C. thyrsiflorus (Rosales). We addressed the following research questions: (1) Does expression of legume LCO Nod factor receptor orthologs support their role in the perception of bacterial signal factors in both host plant species? (2) Is the expression of homologs of legume genes encoding proteins required for infection thread formation induced in nodules compared to roots? (3) What can the differential expression of genes encoding enzymes in plant nitrogen metabolism tell us about the nitrogen source exported by the intracellular nitrogen-fixing microsymbionts to the plant cytoplasm? (4) What can the expression of genes encoding enzymes of the antioxidant defense system and of globins involved in NO detoxification tell us about the oxidative and nitrosative stress associated with the different oxygen protection systems for nitrogenase realized in both types of nodules? (5) Are genes involved in thiamine and/or folate biosynthesis induced in either type of nodule? (6) Are photosynthesis-associated genes expressed in both types of nodules? (7) Are subtilases expressed in both types of nodules, and are these subtilases orthologs of the nodule-specific subtilases identified for A. glutinosa, C. glauca, and D. trinervis? (8) Are nodule-specific cysteine rich peptides (defensins) expressed in nodules of C. thyrsiflorus, i.e., in a representative of the actinorhizal Rosales? Contributions to answering these questions will shed light on the commonalities and differences in root nodule symbiosis in relation to plant phylogeny.



MATERIALS AND METHODS

Plant Material and Growth Conditions

Datisca glomerata seedlings were grown in a greenhouse under a photoperiod of 14 h light/8 h dark cycle with 22°C/19°C, respectively, and a relative humidity of 70%. They were fertilized with 1/4 strength Hoagland’s solution with 10 mM nitrogen (Hoagland and Arnon, 1938). 8-Week-old seedlings were inoculated with ground nodules of D. glomerata infected with Candidatus Frankia datiscae Dg1. After inoculation, plants were supplied with 1/4 strength Hoagland’s solution without nitrogen. Whole root nodules were harvested 12 weeks post inoculation.

Ceanothus thyrsiflorus plants were purchased from a nursery, Corn Flower Farm (Elkgrove, CA, United States) as cuttings, and were grown in a greenhouse in University of California, Davis. For successful nodulation, the plants were repotted into new medium (UC mix/perlite 1:1) to remove any fertilizer given to the plants by the nursery. Nodulation status of each plant was checked at this point to ensure that no plants were nodulated prior to any further treatment. After 4 weeks, the plants were inoculated using nodules from C. thyrsiflorus that had been inoculated with soil collected in Sagehen Experimental Forest (Truckee, CA, United States). Plants were maintained in a greenhouse and watered with deionized water and Hoagland’s solution without nitrogen. Plants were kept under natural daylight except during winter when they were kept under extended artificial daylight. The young (non-lignified) parts of nodules were cut off with a scalpel and flash frozen in liquid nitrogen.

Preparation of RNA-Seq Libraries From D. glomerata and C. thyrsiflorus Nodules

Total RNA was isolated from five (D. glomerata) and three (C. thyrsiflorus) independent nodules as described previously (Demina et al., 2013). RNA-Seq libraries were prepared in strand-specific mode and sequenced with an Illumina HiSeq2500 platform (Illumina) yielding 256,841,770 (D. glomerata; detailed in Supplementary Table S1) and 157,205,694 (C. thyrsiflorus) paired-end reads (100 nt each). For C. thyrsiflorus an extra library was prepared and sequenced with an Illumina MiSeq instrument (Illumina). This new library was strand-specific, poly(A)-enriched and yielded a total of 36,740,942 (300 nt) paired-end reads that were exclusively used for assembly.

Raw data have been archived in BioProject PRJNA454374 (D. glomerata) and BioProject PRJNA454377 (C. thyrsiflorus).

Filtering, Trimming and de novo Transcriptome Assemblies

For both species, de novo assemblies were generated following the same approach. Prokaryotic sequences were removed by mapping the raw reads against the genome of Candidatus Frankia datiscae Dg1 (GenBank accession NC_015656.1) using TopHat 2.0.12 (Trapnell et al., 2009). The quality of the retained reads was evaluated by FastQC 0.10.1 (Andrews, 2010). Illumina sequencing adapters and low quality reads were removed by Fastq-mcf 1.04.636 (Aronesty, 2013); next, low quality bases were trimmed at the 3’-end (10 nt) by Seqtk1. The resulting quality-filtered dataset, i.e., 200,795,069 paired-end reads (ca. 100 nt) for D. glomerata (summarized in Supplementary Table S1) and 36,589,680 paired-end reads (ca. 290 nt) for C. thyrsiflorus, was assembled with Trinity version r20140717 using default parameters (-K 25, -L 25; Grabherr et al., 2011).

For both species, the completeness of the transcripts in terms of expected orthology was evaluated by BUSCO 2.0.1 (Simão et al., 2015) against the reference plant dataset, embryophyta_odb9, which contained 1440 protein sequences and orthogroup annotations for major clades.

The D. glomerata Transcriptome Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank under the accession GGXR00000000. The version described in this paper is the first version, GGXR01000000. The C. thyrsiflorus Transcriptome Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank under the accession GGXO00000000. The version described in this paper is the first version, GGXO01000000.

Transcriptome Functional Annotation

The de novo assembled transcriptomes were functionally annotated by similarity sequence search using Trinotate (Haas et al., 2013), yielding Gene Ontology terms, PFAM annotations and Enzyme commission (EC) numbers. Gene Ontology terms were assigned by Blast+ algorithms (Altschul et al., 1990) targeting the SwissProt non-redundant database. The longest ORFs were queried at the PFAM database (Punta et al., 2012) enabling domain predictions (HMMER 3.1b1; Finn et al., 2011). Additionally, longest ORFs were queried for signal peptides (SignalP 4.1; Petersen et al., 2011) and transmembrane domains (tmHMM 2.0c; Krogh et al., 2001). Trinotate is inclusive in the sense that it allows multiple PFAM entries to be assigned to a single contig. For simplicity, only the PFAM hit with lowest E-value was retained for each transcript.

Expression Profiling

The transcript abundance was estimated by RSEM (Li and Dewey, 2011), available as a Perl script in the Trinity suite (version r20140717; Grabherr et al., 2011). For both species, the raw reads prepared in HiSeq2500 mode were mapped against the assembled contigs and both the fragment per kilobase of transcript per million reads (FPKM) and transcripts per million reads (TPM) were inferred for each transcript.

To assess differential expression, the contribution of different contigs was collapsed in single PFAMs by the sum of their FPKM. Every PFAM entry was further normalized against the abundance of the housekeeping control elongation factor 1 alpha (EF-1α; PF03143.12) from which the mean and log2[FC] was calculated in each library. These steps were carried out in RStudio (RStudio Team, 2015). EC numbers were used to graphically visualize MetaCyc metabolic pathways (Paley and Karp, 2006; Caspi et al., 2016). Functional annotation of transcriptomes and their expression profiles are accessible at doi: 10.17045/sthlmuni.6181763.v1.

Real-Time Quantitative RT-PCR

In order to validate the RNA-Seq measurements, differential expression in roots vs. nodules was assessed by RT-qPCR. The method used was essentially as described in Zdyb et al. (2018). Primers were designed by Primer3 at NCBI Primer-Blast server and are listed in Supplementary Table S2 (D. glomerata) and Supplementary Table S3 (C. thyrsiflorus). Roots and nodules were harvested in liquid nitrogen and tissues were ground using pestle and mortar. Macerated tissues were immediately used for total RNA isolation using an on-column DNase treatment (Spectrum Total RNA isolation kit, Sigma-Aldrich, Germany). Prior to cDNA synthesis, 1 μg of total RNA was treated with RNase-free DNase using the Heat&Run kit (ArcticZymes, Norway). Total RNA was reverse transcribed in a final volume of 20 μl following the instructions of the TATAA GrandScript cDNA synthesis kit (TATAA Biocenter, Sweden); cDNA preparations were 10-1 diluted and 2 μl were used as a template in 10 μl PCR reactions; reactions were performed with 1x Maxima SYBR green (Thermo Fisher Scientific, Lithuania) and 300 nM of each primer in an Eco Real Time PCR System (Illumina, United StatesA); applied thermal conditions were 10 min 95°C for initial denaturation, extension at 60°C for 30 sec, 45 cycles. Melting dissociation curves were examined in order to circumvent the possibility of primer dimer. Demonstrative exponential phase Cq values of the housekeeping gene EF-1α were used to calculate normalization factors. Statistics were based in a balanced assay; relative quantities were back-transformed to Cq values from which an unpaired 2-tail Student’s test was conducted; p-values were adjusted according to Benjamini—Hochberg false discovery rate FDR (Benjamini and Hochberg, 1995). Statistics were performed in RStudio (RStudio Team, 2015).

Phylogenetic Analysis

In order to assess the phylogeny of LysM-type and LysM receptors in D. glomerata and C. thyrsiflorus, NFR1, NFR5, and EPR3 protein candidates were selected from the transcriptomes by reverse Blast (Altschul et al., 1990). Blasted queries were selected based on previous reverse genetics studies involving the model legume L. japonicus (Radutoiu et al., 2003; Kawaharada et al., 2015). Individual candidate protein sequences were blasted against selected taxa in the RefSeq database with an E-value cutoff of 1e-50. Selected target taxa are listed in Supplementary Table S4. Unique sequences from this set (n = 180) plus the D. glomerata and C. thyrsiflorus candidate sequences were aligned using Clustal Omega version 1.2.4 (Sievers et al., 2014). From the alignment, truncated sequences were removed. Well-aligned positions were selected with BMGE using the BLOSUM62 substitution matrix (Criscuolo and Gribaldo, 2010). Phylogenetic trees were estimated based on maximum likelihood using RAxML version 8.2.10 (Stamatakis, 2014) using the PROTGAMMAAUTO model and rapid bootstopping (autoMRE) (Pattengale et al., 2009). The full alignment and the maximum likelihood tree are accessible at doi: 10.17045/sthlmuni.6384200.v1.

To gain insight about the phylogeny of subtilases, candidate proteins from D. glomerata and C. thyrsiflorus were placed in the comprehensive phylogeny of Taylor and Qiu (2017). Sequences were aligned to the original alignment with Clustal Omega version 1.2.4 (Sievers et al., 2014) and placed in the original phylogeny using RAxML-EPA version 8.2.10 (Stamatakis, 2014).



RESULTS AND DISCUSSION

Illumina Sequencing, de novo Transcriptome Assembly and Annotation

After Illumina sequencing and quality filtering stages, reads were combined in a 183.4 Mb, N50 = 1,850 with an average contig length of 1,026 nt (D. glomerata; Supplementary Figure S1A) and in a 105.0 Mb, N50 = 1,275 with an average contig length of 715, 48 nt (C. thyrsiflorus; Supplementary Figure S1B) Trinity assembly (Grabherr et al., 2011). The resulting assembly contained 95,749 Trinity “genes” from a total of 164,856 isoforms (D. glomerata) and 97,521 Trinity “genes” from a total of 135,576 isoforms (C. thyrsiflorus).

Quality and completeness evaluation of the assemblies showed that 1130 [779 singletons and 351 duplicates] (D. glomerata) and 1103 [838 singletons and 265 duplicates] (C. thyrsiflorus) complete genes were assessed from a total of 1440 groups searched. Yet, 170 genes were fragmented and 140 were missing (D. glomerata); 135 genes were fragmented and 202 were missing (C. thyrsiflorus). In terms of expected orthology 90% (D. glomerata) and 86% (C. thyrsiflorus) of the transcripts could be assigned to members of the BUSCO plant set (Simão et al., 2015).

In total, 35,815 D. glomerata (37%) and 49,142 C. thyrsiflorus (50%) unique Trinity “genes” were annotated with SwissProt identifiers. Arabidopsis thaliana provided the best scoring alignment for both species (Supplementary Figures S1C,D). Of the top 100 most abundant transcripts annotated by PFAM within the “biological process” category, 44% showed shared functions between species (D. glomerata, Supplementary Figure S2; C. thyrsiflorus, Supplementary Figure S3; for numeric detail refer to doi: 10.17045/sthlmuni.6181772.v1).

GenBank accession numbers of sequences of transcripts analyzed in this study, as well as E.C. numbers of encoded enzymes, are listed in Supplementary Table S5; all p-values for RT-qPCR analyses are given in Supplementary Table S6.

Genes Encoding LysM Receptors Associated With Symbiotic Signaling in Model Legumes Are Upregulated in Nodules of D. glomerata and C. thyrsiflorus

Sequences of nodulation-related genes identified based on legume mutants were used to identify putative orthologs in the nodule transcriptomes of both species. The phylogeny of LysM-type receptors and LysM receptor kinases, corresponding to NFR1 and NFR5 of the model legume L. japonicus (Radutoiu et al., 2003) supports the assignment of orthology (Figure 1). Reverse transcription – quantitative PCR (RT-qPCR) of these orthologs showed that in both D. glomerata and C. thyrsiflorus, these genes were expressed at significantly higher levels in nodules compared to roots (p < 0.01; Figure 2). While caution must be taken while interpreting these results, a role for these orthologs in an actinorhizal symbiosis with a Nod factor-producing Frankia strain may be suggested. Interestingly, in C. glauca (Casuarinaceae, Fagales), which is nodulated by a Frankia strain that does not contain the canonical nod genes, expression levels of the putative NFR1 ortholog do not differ between roots and nodules (Hocher et al., 2011). However, the expression of genes encoding putative Nod factor receptors was recently found to be induced in nodules of Parasponia andersonii compared to roots (van Velzen et al., 2018). It must be pointed out that since the P. andersonii LjNFR5/MtNFP ortholog is considered to have been recruited from arbuscular mycorrhizal (AM) symbiosis (Op den Camp et al., 2011; Miyata et al., 2016), these receptors might have additional functions that are responsible for the induction of their expression in nodules. Furthermore, transcriptional induction in nodules compared to roots was not found for the legume Nod factor receptors; expression of L. japonicus NFR5 and of Medicago truncatula NFP is root specific, and expression levels of L. japonicus NFR1 and its ortholog M. truncatula LYK3 are similar in roots and nodules (Amor et al., 2003; Radutoiu et al., 2003; Smit et al., 2007). Hence, D. glomerata and C. thyrsiflorus orthologs may play a slightly different role in actinorhizal nodules. Still, differences in cell-specific distribution of Nod factor receptors between legumes and actinorhizal plants would not be surprising since the sizes of the corresponding gene families and degree of redundancy might conceivably differ between plant species. Altogether, the similarities with Parasponia regarding the differential expression of these genes, makes it very tempting to speculate about common signaling networks between non-legume hosts and Nod factor-producing bacteria (van Velzen et al., 2018). However, studies on gene knockouts are required to provide a definite answer.
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FIGURE 1. Datisca glomerata and Ceanothus thyrsiflorus nodules express putative orthologs of Nod factor receptors from legumes. Part of a maximum-likelihood phylogenetic reconstruction of LysM-type and LysM receptor kinases is shown (the full phylogenetic tree is shown in Supplementary Figure S10). Proteins encoded by genes identified based on studies of legume mutants are highlighted in color. Acronyms of included species are: Cp, Cucurbita pepo; Gm, Glycine max; Lj, Lotus japonicus; Mt, Medicago truncatula; Os, Oryza sativa; and Zj, Ziziphus jujuba. Different orthogroups are distinguished by color: EPR3 in purple, NFR1 in green, and NFR5 in blue. Candidate orthologs from D. glomerata and C. thyrsiflorus are given in black bold print. GenBank accessions are given.
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FIGURE 2. Expression profile of genes encoding orthologs of Nod factor receptors, and of genes encoding homologs of proteins linked to infection thread growth in legumes, in roots and nodules of D. glomerata (A) and C. thyrsiflorus (B). Gene expression levels in roots (R) and nodules (N) are given relative to those of EF-1α. The median and interquartile range (IQR) of at least three biological replicates are shown. Differences between R and N are indicated at ∗∗p < 0.01, ∗p < 0.05 after student’s t-test followed by FDR multi comparison correction. Y-axis is given in log10 scale.



Genes Encoding Proteins Linked to Infection Thread Formation

In model legumes, several genes have been shown to encode proteins required for infection thread formation: a LysM receptor kinase, EPR3, that has been proposed to be involved in exopolysaccharide perception (Kawaharada et al., 2015), a flotillin that has been linked to infection thread growth (Haney and Long, 2010), as well as vapyrin (VPY; Murray et al., 2011) and LIN (Guan et al., 2013). These proteins are also required for AM symbioses. RT-qPCR analyses have shown that with the exception of LIN (Demina et al., 2013), the expression of the D. glomerata homologs of these genes was significantly enhanced in nodules compared to roots (for direct comparison with the EPR3 and flotillin genes, the analysis of VPY and LIN was repeated here and included in Figure 2A). The corresponding homologs from C. thyrsiflorus were now analyzed by RT-qPCR; with the exception of VPY (p < 0.23), all these genes showed significant induction in nodules compared to roots (Figure 2). These data suggest that the corresponding proteins are required for infection thread growth in different nodulating lineages.

Expression of the putative EPR3 ortholog genes was induced in nodules of both D. glomerata and C. thyrsiflorus (Figures 1, 2A,B). In legumes, the LysM receptor kinase EPR3 has been suggested to distinguish between compatible and incompatible rhizobial surfaces in order to abort infection threads containing incompatible rhizobia (Kawaharada et al., 2015). While the EPR3 gene is not expressed in mature determinate nodules of L. japonicus, expression takes place in immature, i.e., non-nitrogen fixing nodules which would correlate with expression in the infection zone of indeterminate nodules (Kawaharada et al., 2017). Since actinorhizal nodules are indeterminate structures with a developmental gradient of infected cells, including a zone of infection, in the cortex (Ribeiro et al., 1995), nodule-enhanced expression of genes encoding proteins required in the infection zone would be expected. Yet, based on the results available so far, it is impossible to conclude whether the EPR3 orthologs of D. glomerata and C. thyrsiflorus are involved in Frankia surface recognition, or act as additional Nod factor receptors.

Similarly, the expression of the flotillin gene was induced in nodules compared to roots in both D. glomerata and C. thyrsiflorus. Flotillins have been linked to endocytosis and membrane shaping; they are targeted to membrane microdomains and have been shown to be involved in infection thread growth in legume nodules (Haney and Long, 2010). So this feature seems to be common in legume and actinorhizal nodules.

Vapyrin is required for epidermal penetration and infection thread development in AM symbioses (Pumplin et al., 2010). In legumes, vapyrin has been linked to the intracellular progression of infection threads and, consistent with this function, expression levels of VPY were found to be higher in nodules than in roots (Murray et al., 2011). Also in D. glomerata, VPY expression was induced in nodules (Demina et al., 2013). However, VPY expression was not induced in nodules of C. thyrsiflorus. This could be related to the fact that C. thyrsiflorus is infected intercellularly. Frankia hyphae colonize the apoplast and eventually are stably intracellularly accommodated in branching infection threads in infected cells. However, these infection threads do not show transcellular growth, in that infected cells are always infected from the apoplast, not from infection threads coming from an older infected cell (reviewed by Pawlowski and Demchenko, 2012). So it is possible that in actinorhizal symbioses, VPY is required only for transcellular growth of infection threads.

CERBERUS/LIN, an U-box protein containing WD40 repeats, is required for legume nodulation (Yano et al., 2009; Guan et al., 2013); for the L. japonicus ortholog (CERBERUS) also an effect on AM symbioses was shown. In L. japonicus mutants lacking this gene, the rhizobial infection process is aborted at a very early stage of infection thread formation, and elongation of intraradical hyphae of AM fungi is reduced (Takeda et al., 2013). While the expression of the corresponding gene is enhanced in nodules compared to roots of legumes, actinorhizal Fagales (C. glauca; Hocher et al., 2011) and of C. thyrsiflorus as representative of actinorhizal Rosales, this is not the case for D. glomerata (Datiscaceae, Cucurbitales; Demina et al., 2013). This result supports the hypothesis that a unique infection thread growth mechanism was established in actinorhizal Cucurbitales (Pawlowski and Demchenko, 2012).

Genes Encoding Enzymes Involved in Arginine Metabolism Show Differential Expression Profiles in Nodules and Roots of D. glomerata and C. thyrsiflorus

Nodules of actinorhizal Cucurbitales have an unusual morphology in that infected cortical cells are not interspersed with uninfected cortical cells, but form a continuous patch, kidney-shaped in cross section, on one side of the acentric stele (Pawlowski and Demchenko, 2012). D. glomerata nodules have an unusual nitrogen assimilatory metabolism (Berry et al., 2011). Generally, in root nodule symbioses examined to date, the microsymbionts, whether rhizobia or Frankia, export the product of nitrogen fixation, ammonia, which is directly assimilated in the cytosol of the host infected cells via the glutamine synthetase (GS)/glutamate synthase (GOGAT) cycle (Supplementary Figure S4; Patriarca et al., 2002). In D. glomerata, however, cytosolic GS is expressed at high levels in the uninfected cells surrounding the patch of infected cells, but not in the infected tissue (Berry et al., 2004). Based on bacterial transcriptomics (Persson et al., 2015) and on the N metabolome of nodules (Berry et al., 2004), it was postulated that in D. glomerata nodules, symbiotic Frankia assimilates the ammonium produced by nitrogenase via bacterial GS/GOGAT, and exports an intermediate N storage product of the arginine cycle, presumably arginine, which is then broken down in the uninfected cells, leading to the re-assimilation of ammonium via the GS/GOGAT cycle, and, as demonstrated (Berry et al., 2004), the export of glutamine and glutamate from the nodule to the xylem stream.

In our analysis, the genes encoding GS and GOGAT were upregulated in nodules vs. roots of D. glomerata (Supplementary Figure S4C), although the nodule/root ratio for GS expression was not significant due to the wide variation displayed between samples (p < 0.07). Expression levels of the gene encoding asparagine synthase (ASN1) showed a trend toward lower expression in nodules compared to roots (p < 0.11; Figure 3A). Pathways for arginine biosynthesis and degradation (Slocum, 2005; Winter et al., 2015) are depicted in Figure 3 and Supplementary Figure S5. Transcripts encoding several enzymes involved in these pathways were identified in both species and their expression was analyzed using RT-qPCR. Strikingly, a gene encoding an arginase homolog (ARGH1) which catalyzes the breakdown of arginine to urea and ornithine, was upregulated to very high levels in nodules of D. glomerata compared to roots (p < 0.027; Figure 3A). Furthermore, a gene encoding the homolog of the high affinity plasma membrane urea transporter DUR3 (Kojima et al., 2007) was identified and found to be induced in nodules compared to roots of D. glomerata (p < 0.05). Numbers of reads of urease transcripts were low, indicating that this function was not controlled on the transcriptional level (data not shown).
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FIGURE 3. Superpathway for citrulline biosynthesis and link to the urea cycle. (A) Gene expression levels in roots (R) and nodules (N) were quantified by RT-qPCR for D. glomerata and C. thyrsiflorus and are relative to those of the housekeeping gene EF-1α. Median and IQR of three biological replicates are shown. Significant differences between R and N are indicated by p-values based on student’s t-test with FDR multi comparisons correction. Y-axis is given in log10 scale. (B) Gene expression levels are given in the context of the pathway, calculated as the log2[FC] relative to those of EF-1α estimated from the mean TPM of five (D. glomerata, long arrows) and three (C. thyrsiflorus, short arrows with values written in bold italics) independent RNA preparations. Explanatory heatmap is provided. Enzymes catalyzing these steps include: ASN1, asparagine synthase; P5CS, glutamate-5-semialdehyde dehydrogenase and glutamate-5-kinase (double function); CPS, ammonia-dependent carbamoyl phosphate synthetase; ASSY, argininosuccinate synthase; ARLY, argininosuccinate lyase; ARGH1, arginase; and OAT, ornithine aminotransferase. DUR3, high affinity plasma membrane urea transporter.



Genes encoding enzymes involved in the degradation of ornithine (Figure 3 and Supplementary Figure S5) were examined as well. A candidate for the mitochondrial isoform of N-acetylornithine aminotransferase (NAOAT), a close homolog of the aminotransferase class-III participating in the biosynthesis of citrulline in the actinorhizal tree A. glutinosa (Guan et al., 1997), was downregulated in D. glomerata nodules compared to roots (p < 0.05). However, no significant differences were found between the expression levels of the gene encoding the enzyme that catalyzes the transformation of L-ornithine to L-glutamate-5semialdehyde (ornithine aminotransferase, OAT; p < 0.55; Figure 3A) or for the gene encoding glutamate-5-semialdehyde dehydrogenase (P5CS; p < 0.074; Figure 3A).

Thus, the transcriptome data showed evidence for upregulation of arginine degradation in D. glomerata nodules. On the other hand, no evidence was found for the upregulation of arginine biosynthesis: the expression levels of the genes for argininosuccinate synthase (ASSY) and argininosuccinate lyase (ARLY) were similar in roots and nodules (Figure 3A).

In summary, the transcriptome data strongly support the role of arginine as intermediary nitrogen storage compound in root nodules of D. glomerata that is exported from Frankia and broken down by the plant in the uninfected cells. One breakdown product, urea, would be degraded to ammonium and CO2, with ammonium being reassimilated via the GS/GOGAT pathway, while the breakdown product ornithine could be used to form 2-oxoglutarate or another dicarboxylate, since carbon skeletons for ammonium assimilation have to be provided to Frankia. The upregulation of the glutamine-dependent carbamoyl phosphate synthetase (CPS; Supplementary Figure S5) in nodules compared to roots indicates that some of the reassimilated ammonium likely would go into plastidic arginine biosynthesis, either to replenish the arginine pool for protein biosynthesis, or as xylem transport form. The latter would be consistent with the observation that, in addition to the major xylem exports (glutamine and glutamate), low levels of arginine were detected in roots of nodulated plants of D. glomerata (Persson et al., 2016).

In C. thyrsiflorus, a different nitrogen assimilatory pattern emerges: expression of plant genes encoding GS and GOGAT was significantly induced in nodules vs. roots (Supplementary Figure S4C). Expression levels of the gene encoding asparagine synthase (ASN1) showed a trend toward elevated expression in nodules (p < 0.07), consistent with the fact that asparagine was reported as the major nodule amino acid in Ceanothus sp. (Schubert, 1986). In contrast with D. glomerata, expression of ARGH1 encoding arginase was not induced in nodules compared to roots (p < 0.11; Figure 3A), nor was expression of the gene encoding the high affinity plasma membrane urea transporter DUR3 (p < 0.36; Figure 3A). With regard to arginine biosynthesis, the gene encoding the glutamine-dependent CPS showed similar expression levels in nodules compared to roots (p < 0.93; Supplementary Figure S5), ASSY transcription was slightly elevated in nodules (p < 0.07), while ARLY showed similar expression levels in both organs (p < 0.45; Figure 3A). NAOAT showed a slight induction in nodules compared to roots (p < 0.056; Supplementary Figure S5C). By contrast, expression levels of OAT (p < 0.01; Figure 3A) and P5CS (p < 0.05; Figure 3A) were highly induced in C. thyrsiflorus nodules compared to roots (Figure 3A), suggesting the possibility of proline biosynthesis.

In summary, transcriptional analysis shows that plant N metabolism in nodules of C. thyrsiflorus (Rosales) is different from that in nodules of D. glomerata, even though both hosts are nodulated by closely related Cluster II Frankia strains. Thus, the specialization of N metabolism that occurs in D. glomerata is not necessitated by the capabilities of the microsymbiont, but shows the flexibility of metabolic adaptations possible in root nodules, in both the host and the microsymbiont.

Hemoglobins in Nodules of D. glomerata and C. thyrsiflorus

No class II hemoglobin transcripts were identified in either transcriptome, suggesting that in neither system the buffering of free oxygen was required in the plant cytosol. Yet, in Parasponia, this function is performed by a class I hemoglobin (Sturms et al., 2010). In all cases, genes encoding the oxygen-buffering hemoglobin showed more than 1000-fold induction in nodules compared to roots.

Altogether, three hemoglobins were identified in the transcriptome of D. glomerata. Induction of the previously published (Pawlowski et al., 2007) truncated globin gene trHB1 in nodules compared to roots was confirmed (p < 0.01; Figure 4A). Expression levels of a class I hemoglobin gene (Hb1-1) were also analyzed by RT-qPCR and shown to be similar in roots and nodules (Figure 4A). However, expression levels of a second class I hemoglobin gene (Hb1-2) were enhanced in nodules compared to roots (p < 0.05; Figure 4A). In a similar manner, the nodule transcriptome of C. thyrsiflorus contained transcripts of a truncated globin gene trHB1, whose expression levels were also markedly enhanced in nodules compared to roots (p < 0.01; Figure 4B). Expression of a class I hemoglobin gene was induced in nodules compared to roots (p < 0.05; Hb1; Figure 4B). In both species, the fold change of the class I hemoglobin gene in nodules was far below those found for oxygen-buffering hemoglobins.
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FIGURE 4. Hemoglobins in actinorhizal nodules of D. glomerata (A) and C. thyrsiflorus (B). Transcript abundance was quantified by RT-qPCR. Gene expression levels in roots (R) and nodules (N) are relative to those of EF-1α. The median and IQR of at least three biological replicates are shown. Asterisks denote differences between R and N at ∗∗p < 0.01, ∗p < 0.05 by student’s t-test followed by FDR multi comparison correction. Y-axis is given in log10 scale.



In summary, among the set of genes encoding globins, only those associated with NO detoxification (one trHb1, one Hb1 per species) were induced in nodules compared to roots in both systems. These results indicate that in both D. glomerata and C. thyrsiflorus, consistent with observations in actinorhizal Fagales (Heckmann et al., 2006; Sasakura et al., 2006), high activity toward NO detoxification is expected. However, despite the fact that hypoxia has also been previously associated with NO production in the model legume M. truncatula (Baudouin et al., 2006), and hypoxic conditions may prevail in the inner parts of infected cells of D. glomerata (Silvester et al., 1999), there is no evidence for differences in levels of nitrosative stress in nodules of D. glomerata vs. C. thyrsiflorus so far.

Under normoxic conditions, NO, an inhibitor of cytochrome c oxidase, can be oxidized to nitrite (Gupta and Igamberdiev, 2011). Nitrite is toxic and therefore needs to be rapidly catalyzed to ammonium by nitrite reductase NIR (Supplementary Figure S4B). Expression levels of NIR were repressed in nodules of D. glomerata (p < 0.02), but induced (p < 0.04) in those of C. thyrsiflorus (Supplementary Figure S4C). This difference could be explained by the hypothesis that oxidation of NO does not take place in infected cells of D. glomerata nodules since the high amounts of mitochondria (Silvester et al., 1999) lead to a reduction of the oxygen tension below normoxic conditions.

Defense Against Reactive Oxygen Species (ROS) in Nodules of D. glomerata and C. thyrsiflorus

In many types of nitrogen-fixing root nodules, locally microaerobic conditions are established to protect the oxygen-sensitive nitrogenase enzyme complex (Jacobsen-Lyon et al., 1995). These conditions contribute to the production of reactive oxygen species (ROS; Fukao and Bailey-Serres, 2004). ROS can cause oxidative damage and therefore need to be quickly detoxified, a process that involves superoxide dismutase (SOD), peroxidases (PER) including ascorbate peroxidase (APX), and catalase (CATA).

The nodule transcriptomes contained transcripts representing a number of SOD (Figures 5A,B) and PER/CATA genes (Figures 5C,D; listed in doi: 10.17045/sthlmuni.6181766.v1). Members displaying the highest TPM in each class were assayed by RT-qPCR. In D. glomerata, expression levels of two out of three SOD genes – encoding a copper-dependent SOD (SODC) and a manganese-dependent SOD (SODM) – were enhanced in nodules compared to roots (p < 0.01; Figure 5A). PERs displaying the highest transcriptome abundance (PER60 and PER42) showed alternative regulation patterns based on RT-qPCR analysis: expression of PER60 was strongly enhanced in nodules compared to roots, while PER42 was repressed (p < 0.05 for both; Figure 5C).
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FIGURE 5. Expression of genes encoding superoxide dismutases, peroxidases and catalases in nodules of D. glomerata (left) and C. thyrsiflorus (right). Expression levels of superoxide dismutases (A,B), peroxidases and catalases (C,D) are shown. Expression levels were estimated based on the mean TPM of five (D. glomerata) and three (C. thyrsiflorus) independent libraries. Bars were colored according to their annotated UniProt identifiers (see legend) and the cofactor used by each enzyme is given for (A,B). Error bars show standard deviations. The relative abundance of mRNA in roots (R) and nodules (N) was quantified by RT-qPCR and is relative to that of the housekeeping gene EF-1α. The median and IQR of three biological replicates are shown. Asterisks highlight differences between organs at ∗∗p < 0.01, ∗p < 0.05 by student’s t-test followed by FDR multi comparison correction. Y-axis is given in log10 scale. UniProtKB homologs are indicated. After doi: 10.17045/sthlmuni.6181766.v1.



For C. thyrsiflorus, the sub-classes of SOD genes with the highest transcriptome abundance were also encoding an SODC and an SODM (Figure 5B); only the expression of SODM was significantly induced in nodules compared to roots (p < 0.01; Figure 5B). Like in D. glomerata, PER42 represented the most abundant PER; however, in C. thyrsiflorus its expression levels were not significantly increased in nodules compared to roots (p < 0.076; Figure 5D). On the other hand, albeit being expressed at relative extreme low levels, CATA was induced in nodules compared to roots (p < 0.05; Figure 5D).

The main pathway for ROS scavenging in plants is the ascorbate-glutathione cycle (Figure 6A). In D. glomerata, expression assessment performed by RT-qPCR for members of this pathway showed that an L-ascorbate peroxidase 1 gene (APX1; Figure 6B), two glutathione S-transferase genes (GSTXC and GSTUH; Figure 6C), and a glutathione peroxidase gene (GPX4; Figure 6C) were induced in nodules compared to roots (p < 0.05). Expression of an APX2 gene, the L-ascorbate peroxidase gene displaying the highest TPM, was slightly enhanced in roots compared to nodules (p = 0.054; Figure 6B); while the monodehydroascorbate reductase gene MDAR was expressed at similar levels in roots and nodules (Figure 6C).
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FIGURE 6. Hydrogen peroxide (H2O2) detoxification via the ascorbate/glutathione cycle. H2O2 is generated from the superoxide radical by superoxide dismutase (SOD; not shown). L-ascorbate serves as electron donor via ascorbate peroxidase (APX1, APX2). GPX4, glutathione peroxidase; GSTXC and GSTUH, glutathione S-transferases; MDAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase. (A) Expression levels represented in the cycle were calculated as the log2[FC] relative to those of EF-1α estimated from the mean TPM of five (D. glomerata, long arrows) and three (C. thyrsiflorus, short arrows with values written in bold italics) independent libraries. Explanatory heatmap is provided. (B–D) Transcript abundance quantified by RT-qPCR for candidate genes in nodules of D. glomerata (B,C) and C. thyrsiflorus (D) is shown. Gene expression levels in roots (R) and nodules (N) are relative to those of the housekeeping control EF-1α. The median and IQR of three biological replicates are shown. Differences between R and N are highlighted at ∗∗p < 0.01, ∗p < 0.05 after student’s t-test with FDR multi comparison correction. Y-axis is given in log10 scale. Species names and UniProtKB homologs are indicated. After doi: 10.17045/sthlmuni.6181766.v1.



For C. thyrsiflorus, expression levels of APX1, DHAR1, and MDAR were analyzed in roots vs. nodules. Although no significant differences were found, APX1 expression was slightly enhanced in nodules (p = 0.060), while DHAR1 expression was slightly enhanced in roots (p = 0.066) (Figure 6D). Additionally, the levels of three glutathione peroxidases genes (encoding the strongest homologs of GPX4, GPX6, and GPX8) were analyzed. Unlike in D. glomerata, all these genes were expressed at similar levels in roots and nodules (data not shown).

In summary, when comparing gene expression levels for components of the ascorbate/glutathione cycle, no significant differences were found between roots and nodules of C. thyrsiflorus; whilst, in D. glomerata, some genes encoding enzymes of these pathways were induced in nodules compared to roots. Although caution must be exercised while interpreting transcriptome data, these results suggest that ROS stress might be higher in nodules of D. glomerata than in those of C. thyrsiflorus. This is consistent with the assumption that in D. glomerata the plant participates in the protection of nitrogenase from oxygen, creating microaerobic conditions via a blanket of mitochondria (Silvester et al., 1999), and these conditions lead to enhanced ROS production (Fukao and Bailey-Serres, 2004). In C. thyrsiflorus, on the other hand, nitrogenase seems to be protected from oxygen due to the thick envelope surrounding spherical Frankia vesicles (Strand and Laetsch, 1977), similar to the situation in Alnus nodules (Kleemann et al., 1994), while normoxic conditions prevail in the plant cell. Thus, the induction of NIR expression in C. thyrsiflorus nodules must be due to nitrosative, and not oxidative stress.

Key Genes Involved in the Biosynthesis of the Vitamins Thiamine and Folic Acid Are Differentially Expressed in Roots and Nodules of D. glomerata and C. thyrsiflorus

Transcripts of genes encoding members of the thiamine biosynthetic pathway were identified in nodules of D. glomerata (Supplementary Figure S6, long arrows) and in those of C. thyrsiflorus (Supplementary Figure S6, short arrows). Expression levels of the key genes THIC and THI4 were quantified by RT-qPCR in roots and nodules of both species (Figure 7A). THIC showed strong induction in nodules compared to roots in both species (p < 0.01). Expression levels of THI4, the homolog of which is upregulated in nodules of A. glutinosa compared to roots (Ribeiro et al., 1996), showed slight upregulation in nodules of D. glomerata (p < 0.053), but not in those of C. thyrsiflorus (p < 0.1; Figure 7A).
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FIGURE 7. Expression of key genes encoding enzymes involved in the biosynthesis of the vitamins thiamine (A) and folic acid (B) in roots and nodules of D. glomerata and C. thyrsiflorus. Gene expression levels in roots (R) and nodules (N) are relative to those of EF-1α. THIC, phosphomethylpyrimidine synthase; THI4, bifunctional enzyme hydroxyethylthiazole kinase and thiamine-phosphate pyrophosphorylase; NUDT1, nudix hydrolase and ADCL, 4-amino deoxychorismate lyase. The median and IQR of at least three biological replicates are shown. Differences between R and N are indicated by p-values after student’s t-test followed by FDR multi comparison correction. Y-axis is given in log10 scale.



Thus, like nodules of legumes and actinorhizal Fagales, nodules of actinorhizal Cucurbitales and Rosales require high amounts of thiamine, possibly due to its function in the oxidative stress response (Tunc-Ozdemir et al., 2009). Recently, it was shown that the AM fungus Rhizophagus irregularis lacks the toolkit for thiamine biosynthesis (Tisserant et al., 2013); spores of R. irregularis accumulated higher levels of thiamine than roots of L. japonicus during AM symbiosis (Nagae et al., 2016b). However, it is unlikely that symbiotic auxotrophy of symbiotic nitrogen-fixers, analogous for the symbiotic auxotrophy of rhizobia for branched chain amino acids (Prell et al., 2009), is the reason behind the upregulation of thiamine biosynthesis-related genes in nodules. No changes in gene expression levels were observed for THIC in planta vs. in N-replete cultures for the A. glutinosa-infective Frankia strain ACN14a (Alloisio et al., 2010); so there is no reason to assume that Frankia thiamine biosynthesis is shut down in symbiosis.

Transcripts of all members of the folic acid (vitamin B9) biosynthesis pathway were identified in nodules of both plant species (Hanson and Gregory, 2011; Supplementary Figure S7); RT-qPCR was performed for two key genes encoding nudix hydrolase (NUDT1) and 4-amino deoxychorismate lyase (ADCL) (Figure 7B). These enzymes map to different branches of the pathway; it should be pointed out that NUDT1 may have another function as well (Ogawa et al., 2005). For D. glomerata, ADCL was significantly induced in nodules compared to roots (Figure 7B); for C. thyrsiflorus, NUDT1 was induced in nodules compared to roots, while ADCL was not (p = 0.2) (Figure 7B). This is, to our knowledge, the first evidence for a possible role of folic acid in actinorhizal nodules; further studies are required to elucidate its function.

Photosynthesis-Related Genes Are Expressed in Nodules of D. glomerata and C. thyrsiflorus

Previous studies have shown that nitrogen-fixing nodules of D. glomerata express the gene encoding ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activase, an enzyme commonly associated with photosynthesis, and also the gene encoding the large subunit of RuBisCO (Okubara et al., 1999). The latter was confirmed in this study using RT-qPCR; transcription of both the nuclear gene for the small (RbcS) and the plastidic gene for the large (RbcL) subunit was highly induced in nodules compared to roots (p < 0.01; Figure 8A).
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FIGURE 8. Relative expression levels from genes encoding components of the photosynthetic apparatus in subterranean organs of D. glomerata (A) and C. thyrsiflorus (B). Results for the small (RbcS) and large (RbcL) subunit of RuBisCO are presented. Transcript abundance was quantified by RT-qPCR. Gene expression levels in roots (R) and nodules (N) are relative to those of the housekeeping gene EF-1α. The median and IQR of three biological replicates are shown. Differences between R and N are highlighted at ∗∗p < 0.01, ∗p < 0.05 after student’s t-test with FDR multi comparison correction. Y-axis is given in log10 scale.



Similarly, RuBisCO activase transcripts were found in the nodule transcriptome of C. thyrsiflorus (data not shown). RT-qPCR analysis showed that also here, RbcS transcription was induced in nodules compared to roots (p < 0.05); instead, expression levels of RbcL were not significantly elevated in nodules compared to roots (p < 0.06) (Figure 8B).

Plants express their photoreceptors – phytochromes, cryptochromes and phototropins – not only in their aerial parts, but also in roots (Yokawa and Baluška, 2015; van Gelderen et al., 2018). Roots show negative phototropism in response to direct light, and can also react to stem-piped light. Consequently, light responses in subterranean organs might not be surprising, but the expression of genes encoding RuBisCO subunits is. Nevertheless, a non–Calvin cycle, i.e., a CO2-scavenging role for RuBisCO has been demonstrated for developing Brassica napus embryos (Schwender et al., 2004); so it is possible that RuBisCO performs a similar function in nodules.

Expression of Several Serine Proteases Is Strongly Induced in Nodules Compared to Roots in Both Species

Analysis of the D. glomerata nodule transcriptome revealed transcripts encoding 178 peptidases from 27 families. Subtilases represented 23.6% of this total, and from this group, transcripts encoding for members of the S8 family (subtilisin-like proteases) were the most abundant (42 contigs; Supplementary Figure S8A; Taylor and Qiu, 2017). Based on TPM data, the two S8 subtilases displaying the highest expression levels were selected for RT-qPCR analysis. Results showed high levels of induction in nodules compared to roots of the ortholog of Ag12/Cg12/Dt12 (Ribeiro et al., 1995; Laplaze et al., 2000; Fournier et al., 2018), named Dg12, and of a gene encoding a cucumisin homolog (CUCM1; Figure 9A).
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FIGURE 9. Subtilisin-type peptidases belonging to the S8 family are expressed in nodules of D. glomerata (A) and C. thyrsiflorus (B). The transcript abundance in roots (R) and nodules (N) was quantified by RT-qPCR relative to that of the housekeeping gene EF-1α. The median and IQR of three biological replicates are shown. Differences between R and N are highlighted at ∗p < 0.05 after student’s t-test with FDR multi comparison correction. Y-axis is given in log10 scale.



Global expression analysis of peptidases in C. thyrsiflorus nodules revealed major commonalities with that of D. glomerata nodules. Despite that, subtle differences could also be noticed. For instance, although fewer transcripts were annotated as peptidases (total = 147), they were actually more diverse occurring in 37 distinct families. In a similar manner, genes encoding serine proteases of the subtilisin S8 family were expressed at the highest levels (22 contigs, 15%; Supplementary Figure S8B). Those displaying the highest TPM values were selected for roots vs. nodules RT-qPCR analysis. In line with the results described for D. glomerata, expression of the homolog of Ag12/Cg12/Dt12, named Ct12, and of two cucumisin genes (CUCM1-1, transcript c29196_g1; CUCM1-2, transcript c34419_g1) was highly induced in nodules compared to roots (p < 0.05; Figure 9B). In addition, the expression levels of the genes encoding the homologs of the Arabidopsis subtilases AIR3 and SUBL were also analyzed, but they did not differ between roots and nodules (data not shown). These results are summarized for both species in doi: 10.17045/sthlmuni.6181760.v1.

Phylogenetic analysis confirmed the orthology of Ag12, Cg12, Dt12, Dg12, and Ct12 (Figure 10) and of the nodule-enhanced cucumisins of D. glomerata and C. thyrsiflorus, respectively (Supplementary Figure S9). In summary, the extracellular subtilases whose expression is correlated with infection thread formation in intracellularly infected actinorhizal species (Ribeiro et al., 1995; Svistoonoff et al., 2003, 2004), and with intercellular infection foci in intercellularly infected actinorhizal species (Fournier et al., 2018) seem to have a common origin. Further studies will be required to determine whether the nodule-specific cucumisins are a feature of actinorhizal Cucurbitales, or of actinorhizal symbioses in general.
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FIGURE 10. Maximum-likelihood phylogenetic tree of subtilases. Candidates from D. glomerata and C. thyrsiflorus (in bold) were analyzed for phylogenetic placement using the comprehensive dataset of Taylor and Qiu, 2017 (see section “Materials and Methods”). When possible, GenBank accession numbers are provided after the species name. Otherwise, an asterisk (∗) refers to the nomenclature used by Taylor and Qiu (2017). The analyzed candidates form a clade with proteins from Rosales (in blue), Dt12, D. trinervis (Fournier et al., 2018); Fagales (in red), Cg12, Casuarina glauca (Laplaze et al., 2000; Svistoonoff et al., 2003, 2004); Ag12, A. glutinosa (Ribeiro et al., 1995); and Fabales (in pink), CM002293.1 from Phaseolus vulgaris and CM000852.2 from Glycine max.



Nodule-Specific Defensins: The Actinorhizal Equivalents of Legume Nodule Cysteine-Rich Peptides (NCR)

The transcriptome of C. thyrsiflorus was examined for genes encoding small cysteine-rich peptides. Two were identified and they represent class I defensins (Parisi et al., 2018). RT-qPCR analysis showed that both were strongly induced in nodules compared to roots (Figure 11).
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FIGURE 11. Relative transcript abundance of genes encoding defensin-like peptides in belowground organs of C. thyrsiflorus. Expression levels in roots (R) and nodules (N) are relative to those of the housekeeping gene EF-1α. The median and IQR of three biological replicates areshown. Differences between R and N are indicated for ∗p < 0.05 after student’s t-test followed by FDR multi comparison correction. Y-axis is given in log10 scale.



While in legumes NCRs only occur in the IRLC clade and in the Dalbergioid lineage (Van de Velde et al., 2010; Czernic et al., 2015), in actinorhizal plants nodule-specific defensins have now been found across the three orders: Cucurbitales (Demina et al., 2013), Fagales (Carro et al., 2015), and Rosales (this study). Legume NCRs have been shown to affect bacteroid membrane permeability and induce polyploidy, turning the bacteroid state in a terminal differentiation (Alunni and Gourion, 2016). While the latter function has not yet been shown for actinorhizal defensins since analysis of polyploidy in a filamentous bacterium is a technical problem, A. glutinosa nodule-specific defensins have been demonstrated to affect membrane permeability of Frankia alni ACN14a for amino acids and to negatively affect viability of ACN14a in vivo (Carro et al., 2015). This might be interpreted to mean that in perennial nodulating plants (D. glomerata is biennial, and all other actinorhizal species are perennial) the defense against microbial “cheaters” is more urgent than in annual plants (most legumes analyzed in detail are annuals). Further studies are required to understand the distribution of antimicrobial peptides in actinorhizal vs. legume nodules.



CONCLUSION

All host plants examined thus far of Frankia strains containing the canonical nod genes, contain orthologs of legume Nod factor receptors the expression of which is induced in nodules compared to roots.

Analysis of transcript levels in roots vs. nodules of genes encoding enzymes from arginine metabolism indicates that while arginine is the likely form of nitrogen exported by Frankia in nodules of D. glomerata, it does not seem to play this role in nodules of C. thyrsiflorus.

The oxygen protection system for nitrogenase realized in nodules of D. glomerata seems to lead to greater oxidative stress than the system realized in nodules of C. thyrsiflorus. However, the production of high levels of nitric oxide under normoxic conditions seems to lead to nitrite production in C. thyrsiflorus nodules, as indicated by the induction of nitrite reductase expression.

Thiamine biosynthesis is induced in actinorhizal nodules of all three different orders. Folic acid biosynthesis so far was only found to be induced in nodules of D. glomerata.

Nodule-specific subtilisin-like proteases that are involved in infection in actinorhizal nodules, seem to have a common evolutionary origin.

Nodule-specific defensins are found in actinorhizal species from all three different orders.
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FIGURE S1 | Statistics of Trinity assembly (upper panels) and Trinotate annotation (lower panels). Length distribution of assembled transcripts from nodules of D. glomerata (A) and C. thyrsiflorus (B) is shown. For D. glomerata, five independent libraries prepared on Illumina HiSeq 2500 technology were combined and processed on Trinity to generate an assembly with a median (N50) of 1,850 nt. C. thyrsiflorus assembly was generated from an Illumina MiSeq library (see section “Materials and Methods”); when combined, the processed reads yielded an assembly with a median (N50) of 1,275 nt. Axes are given in log10 scale. The frequency of hierarchical species assigned by Trinotate for D. glomerata (C) and C. thyrsiflorus (D) is based on the total number of BlastX hits retrieved. Legend: ARATH, Arabidopsis thaliana; TOBAC, Nicotiana tabacum (common tobacco); ORYSJ, Oryza sativa ssp. japonica (rice); HUMAN, Homo sapiens (human); MOUSE, Mus musculus (mouse); SCHPO, Schizosaccharomyces pombe (fission yeast); DICDI, Dictyostelium discoideum (slime mold); DROME, Drosophila melanogaster (Fruit fly); YEAST, Saccharomyces cerevisiae (baker’s yeast). Species frequency is represented by log10 scale with actual numbers at the top of the bars.

FIGURE S2 | Averaged Transcript per Million reads (TPM) covering the Top 100 contigs assigned within the “biological process” category of D. glomerata. Top hits were selected based on the mean TPM of five libraries. Plotted is the median and IQR across these libraries (after doi: 10.17045/sthlmuni.6181772.v1).

FIGURE S3 | Averaged Transcript per Million reads (TPM) covering the top 100 contigs assigned within the “biological process” category of C. thyrsiflorus. Top hits were selected based on the mean TPM of three libraries. Plotted is the median and IQR across these libraries (after doi: 10.17045/sthlmuni.6181772.v1).

FIGURE S4 | Routes for primary nitrogen fixation in plants include those of ammonia (A) and nitrate assimilation (B). The assimilation of ammonia is catalyzed in two steps in the GS/GOGAT cycle. Ammonia is first bound to L-glutamate, yielding L-glutamine, by glutamine synthetase (GS). L-glutamine and 2-oxoglutarate serve as substrates for glutamate synthase (GOGAT) to yield two molecules of L-glutamate (A). Alternatively, nitrate can be uptaken from the rhizosphere. In the cytosol, nitrate can be reduced to nitrite by nitrate reductase (NR) and converted to ammonia by nitrite reductase (NIR). The final step involves the incorporation of ammonia into glutamine by GS (B). Expression levels in graphic pathways (A,B) were calculated as the log2[FC] relative to those of the housekeeper EF-1α estimated from the mean TPM of five (D. glomerata, long arrows with values written in normal font) and three (C. thyrsiflorus, short arrows with values written in bold italics) independent RNA preparations. Enzyme commission (EC) numbers and explanatory heatmap are provided. (C) Displays the transcript abundance quantified by RT-qPCR for key genes involved in the above mentioned pathways. Plotted results comparing the expression levels in roots (R) and nodules (N) are relative to those of the housekeeping gene EF-1α; the median and IQR of at least three biological replicates are given. Asterisks mark differences between roots and nodules for ∗p < 0.05 calculated by student’s t-test followed by Benjamini–Hochberg FDR correction. The Y-axis is given in log10 scale.

FIGURE S5 | Arginine biosynthesis in chloroplasts via L-ornithine and its link to ammonium assimilation in the GS/GOGAT pathway. Ornithine synthesis starts from glutamate in a series of committed acetylation reactions (steps 1–5). Enzymes catalyzing these first steps include: (1) NAGS: N-acetylglutamate synthase; (2) NAGK: N-acetylglutamate kinase; (3) NAGPR: N-acetyl-glutamyl-P-reductase; (4) NAOAT: N-acetylornithine aminotransferase; and (5) NAOD: N-acetylornithine deacetylase. L-ornithine is combined with carbamoyl-phosphate, formed by by glutamine-dependent carbamoyl phosphate synthetase (CPS), to form L-citrulline. Ultimately, argininosuccinate synthase (ASSY) catalyzes the interconversion of L-citrulline and L-aspartate to L-arginino-succinate. Release of fumarate by argininosuccinate lyase (ARLY) yields L-arginine. Enzyme commission (EC) numbers are provided (A). Expression levels represented in the metabolic map were calculated as the log2[FC] relative to those of the housekeeper EF-1α; values for D. glomerata appear in normal font over long arrows; for C. thyrsiflorus values are given in bold italic over short arrows. A metabolic heatmap is provided. Contig mean TPM values are plotted in (B). (C) Displays the transcript abundance quantified by RT-qPCR for NAOAT and CPS. Gene expression levels in roots (R) and nodules (N) are relative to those of EF-1α. The median and IQR of three biological replicates is shown. Species name is given. Genes nomenclature used is based on Winter et al. (2015).

FIGURE S6 | Biosynthesis of thiamine. Thiamine (vitamin B1) is assembled by the condensation of pyrimidine and thiazole moieties. In Arabidopsis thaliana, THIC and TH1 catalyze the biosynthesis of the pyrimidine moiety, whereas thiazole is synthesized by the bifunctional THI1 enzyme (designated THI4 in other organisms; Godoi et al., 2006). After the coupling of the two precursors by TH1, thiamine phosphate is dephosphorylated to thiamine, which is subsequently dephosphorylated by TPK1 to its active form, thiamine diphosphate. Expression levels given in the metabolic map were calculated as the log2[FC] relative to those of EF-1α estimated from the mean TPM of five (D. glomerata, long arrows with values written in normal font) and three (C. thyrsiflorus, short arrows with values written in bold italic) independent RNA preparations. EC numbers and Arabidopsis thaliana homologs are given. Explanatory heatmap is provided.

FIGURE S7 | Tetrahydrofolate (THF) biosynthetic pathway. Generically known as folic acid, “folate” or vitamin B9, THF is assembled by three moieties: a pterin ring, p-aminobenzoate (pABA), and a glutamate tail. Enzymes involved in the synthesis of the pterin moity are: GTP cyclohydrolase I (GTPCHI), Nudix hydrolase (NUDT1), and dihydroneopterin aldolase (DHNA). In parallel, the pABA moiety is synthesized from chorismate. Enzymes operating in this branch are amino deoxychorismate synthase (ADCS) and 4-amino deoxychorismate lyase (ADCL). The coupling of these two branches is mediated by dihydropteroate synthase (DHPS), whose product is converted by dihydrofolate synthase (DHFS), followed by dihydrofolate reductase (DHFR). Expression levels given in the metabolic map were calculated as the log2[FC] relative to those of EF-1α based on the mean TPM of five (D. glomerata, long arrows with values written in normal font) and three (C. thyrsiflorus, short arrows with values written in bold italics) independent RNA preparations. Explanatory heatmap is provided. EC numbers and Arabidopsis thaliana gene orthologs are given. Nomenclature is based on Gorelova et al. (2017).

FIGURE S8 | Hierarchical screening of transcripts encoding for members of the S8 subtilisin-like peptidase family from nodules of D. glomerata (A) and C. thyrsiflorus (B). Heatmap omic colors translate the TPM in each library as low (white), medium low (green), medium (dark green), medium high (violet), and high (purple). Species names are provided. After doi: 10.17045/sthlmuni.6181760.v1.

FIGURE S9 | Maximum-likelihood phylogenetic tree of cucumisins. Datisca glomerata and Ceanothus thyrsiflorus candidates (in bold) were queried for phylogenetic placement using the comprehensive dataset of Taylor and Qiu (2017) (see section “Materials and Methods”). When possible, GenBank accessions are provided after species name. Otherwise, an asterisk (∗) indicates the nomenclature used by Taylor and Qiu (2017).

FIGURE S10 |Datisca glomerata and Ceanothus thyrsiflorus nodules express putative orthologs of Nod factor receptors from legumes. Maximum-likelihood phylogenetic reconstruction of LysM-type and LysM receptor kinases is shown. Proteins encoded by genes identified based on studies of legume mutants are highlighted in color. Acronyms of included species are: At, Arabidopsis thaliana; Ca, Cicer arietinum; Cp, Cucurbita pepo; Fv, Fragaria vesca; Gm, Glycine max; Lj, Lotus japonicus; Me, Manihot esculenta; Mt, Medicago truncatula; Mn, Morus notabilis; Os, Oryza sativa; Ps, Pisum sativum; Pp, Prunus persica; Rc, Ricinus communis; Sl, Solanum lycopersicum; Sb, Sorghum bicolor; Tc, Theobroma cacao; Vr, Vigna radiata; and Zj, Ziziphus jujuba. Different orthogroups are distinguished by color: EPR3 in purple, NFR1 in green, and NFR5 in blue. Candidate orthologs from D. glomerata and C. thyrsiflorus are given in black in bold print. GenBank accessions are given.

TABLE S1 |Datisca glomerata pre-assembly summary: raw reads and filtering stages evaluation across five libraries. The last row displays the representation of each library into the Trinity assembly.

TABLE S2 | Primers used in this study for Datisca glomerata.

TABLE S3 | Primers used in this study for Ceanothus thyrsiflorus.

TABLE S4 | Target taxa used for phylogenetic reconstruction of LysM and LysM-type receptors kinases.

TABLE S5 | List of genes analysed by RT-qPCR. Gene names, protein functions, number of contig in assembly, GenBank accession number and, if available, E.C. number are given.

TABLE S6 |p values for RT-qPCR analysis. For all RT-qPCT analysis, p-values and adjusted (FDR) p-values are listed.



FOOTNOTES

1 https://github.com/lh3/seqtk
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The nitrogen-fixing root nodule symbiosis is restricted to four plant orders: Fabales (legumes), Fagales, Cucurbitales and Rosales (Elaeagnaceae, Rhamnaceae, and Rosaceae). Interestingly all of the Rosaceae genera confirmed to contain nodulating species (i.e., Cercocarpus, Chamaebatia, Dryas, and Purshia) belong to a single subfamily, the Dryadoideae. The Dryas genus is particularly interesting from an evolutionary perspective because it contains closely related nodulating (Dryas drummondii) and non-nodulating species (Dryas octopetala). The close phylogenetic relationship between these two species makes Dryas an ideal model genus to study the genetic basis of nodulation by whole genome comparison and classical genetics. Therefore, we established methods for plant cultivation, transformation and DNA extraction for these species. We optimized seed surface sterilization and germination methods and tested growth protocols ranging from pots and Petri dishes to a hydroponic system. Transgenic hairy roots were obtained by adapting Agrobacterium rhizogenes-based transformation protocols for Dryas species. We compared several DNA extraction protocols for their suitability for subsequent molecular biological analysis. Using CTAB extraction, reproducible PCRs could be performed, but CsCl gradient purification was essential to obtain DNA in sufficient purity for high quality de novo genome sequencing of both Dryas species. Altogether, we established a basic toolkit for the culture, transient transformation and genetic analysis of Dryas sp.

Keywords: Dryas, model-plant, Dryas drummondii, Dryas octopetala, Rosaceae, genome comparison


INTRODUCTION

Nitrogen and phosphate are key nutrients for plant growth, but their availability is limited, especially in alkaline and calcareous soils (Vitousek et al., 2010; Lambers et al., 2012). Plants, with their limited capacity to retrieve nutrients from the soil, profit from interactions with beneficial microorganisms. Root endosymbiosis with arbuscular mycorrhizal fungi or nitrogen fixing bacteria are examples of this kind of interaction, where the microsymbiont is accommodated within root cells, leading to a gain of function that enables the plant to survive or even thrive in previous uninhabitable environments. Among terrestrial plants, the vast majority (80%) is able to develop arbuscular mycorrhiza (AM), a symbiosis with fungi of the Glomeromycotan (Delaux et al., 2013); one of the main benefits of the AM symbiosis is the ability of the fungi to improve the host plants’ access to phosphate. Despite the advantages of this symbiosis, some plant lineages have lost genes essential for its establishment. One such lineage is the Brassicaceae family that comprises the model plant Arabidopsis
thaliana (Cosme et al., 2018). Another symbiotic system evolved for the acquisition of nitrogen through the cooperation with nitrogen fixing Frankia or rhizobia bacteria, the nitrogen-fixing root nodule symbiosis (RNS). The symbiosis is named after the specialized root organs formed by the plant, root nodules, which provide physiological conditions for the bacteria to fix atmospheric nitrogen and export a product of nitrogen fixation to the host plant. This endosymbiosis is restricted to plant species in the related orders Fabales, Fagales, Cucurbitales and Rosales, forming the FaFaCuRo clade (Soltis et al., 1995; Werner et al., 2014; Griesmann et al., 2018). Legumes (Fabales) and Parasponia sp. (Cannabaceae, Rosales) interact with rhizobia, while all other RNS forming plant species interact with the actinobacterium Frankia and consequently are called actinorhizal plants.

Genetic dissection of rhizobial symbiosis, mainly two model legumes – Medicago truncatula (Barrel medic) and Lotus corniculatus L. (bird’s-foot trefoil) var. japonicus, – has revealed symbiosis-related genes that are essential for nodule organogenesis, bacterial infection, and nitrogen fixation (see, e.g., Geurts et al., 2016). Recent phylogenomic studies have revealed that although most current members of the FaFaCuRo clade cannot form root nodules, the common ancestor of the FaFaCuRo clade was able to enter a symbiosis (Griesmann et al., 2018; van Velzen et al., 2018). However, it is not clear whether this ancestral symbiosis involved the formation of root nodules (Parniske, 2018). Due to their common origin, several similarities exist between actinorhizal and rhizobial symbioses, and the transfer of knowledge from legumes to actinorhizal plants improves our understanding of the main processes underlying the symbiosis with Frankia bacteria. Nevertheless, important aspects of actinorhizal symbioses remain unknown (Pawlowski and Bisseling, 1996; Perrine-Walker et al., 2011; Van Nguyen and Pawlowski, 2017). Consequently, research on actinorhizal plants could allow us to better understand the evolution of divergent symbiotic processes in RNS.

The Rosaceae family, belonging to the order Rosales, is globally the 4th most important plant family in terms of economic value (Vallée et al., 2016). Surprisingly, from ca. hundred Rosaceae genera only four, forming the basal subfamily Dryadoideae (Xiang et al., 2016), have been described to contain actinorhizal species that are able to enter a nitrogen-fixing RNS with Frankia bacteria (Pawlowski and Demchenko, 2012). The most basal genus of the Rosaceae, Dryas, is one of the most dominant dwarf shrubs among the arctic plant genera in terms of biomass. The taxonomy within the Dryas genus is controversial due to the existence of hybrids that occur naturally in the wild (Packer, 1994; Philipp and Siegismund, 2003). In areas where different Dryas species cohabit, natural hybrids were described between Dryas integrifolia and Dryas octopetala (Philipp and Siegismund, 2003), or between Dryas. drummondii and D. integrifolia (known as D. x wyssiana). The German botanist Franz Sündermann also created D. x suendermannii by crossing D. drummondii with D. octopetala (Packer, 1994), as part of the collection of the “Botantischen Alpengarten Sündermann” at Lindau, Germany, where the hybrids are maintained by clonal propagation.

Currently, three Dryas species, D. drummondii, D. integrifolia, and D. octopetala, are recognized; however, the genus is in need of taxonomic revision (Porslid, 1947; Böcher et al., 1968; Hultén, 1968; Yurtsev, 1997; Philipp and Siegismund, 2003; Skrede et al., 2006). The genus Dryas is unique in that it contains closely related nodulating and non-nodulating species which makes it an ideal model to study the evolution of root symbioses. Nodulation was reported for the first time in 1967 (Lawrence et al., 1967) in the North American species D. drummondii (Newcomb, 1981; Kohls et al., 1994; Figure 3A). The other species appear to be non-nodulating (Becking, 1970; Markham, 2009), but all Dryas species form ectomycorrhiza (Melville et al., 1988; Ryberg et al., 2009; Bjorbækmo et al., 2010; Botnen et al., 2014). The only exception may be D. drummondii because it has been described as ectomycorrhizal only on one occasion (Fitter and Parsons, 1987). The question whether this species can form ectomycorrhiza requires further examination.

The arctic-alpine species D. octopetala has a particularly wide distribution; it can be used for mapping refugial isolation and postglacial expansion during the glaciation in the Pleistocene in northern Europe (Philipp and Siegismund, 2003; Skrede et al., 2006). The plants typically grow in alkaline calcareous soils (Crocker and Major, 1955) and thus face nutritional limitations especially in terms of nitrogen and phosphorus (Lambers et al., 2012). The presence and abundance of Dryas species across all arctic and alpine tundra’s makes this genus a key player in arctic phylo- and bio-geography (Tremblay and Schoen, 1999; Skrede et al., 2006), landscape ecology (Eichel et al., 2016; Eichel et al., 2017) and mycology community ecology (Väre et al., 1992; Ryberg et al., 2009; Bjorbækmo et al., 2010; Brunner et al., 2017). The genus is of particular importance in research on climate change (see, e.g., McGraw et al., 2014; Gillespie et al., 2016; Panchen and Gorelick, 2017). Therefore, Dryas species also are integral to Citizen Science Projects, e.g., the Spatial Food Web Ecology Group of the University of Helsinki use Dryas sp. as base of two Ecosystem Ecology projects, the Arctic Parasitoid Project and the Global Dryas Project1, and the Climate Impact Research Centre in Abisko also includes Dryas octopetala in their target plants2.

Dryas species are diploid with an estimated haploid genome size of 250 Mbp (Griesmann et al., 2018) distributed over nine chromosomes (Potter et al., 2007), less than Malus ×domestica (apple) which is diploid or triploid with 750 Mbp, or Rosa which is tetraploid or triploid with 600 Mbp (Jung et al., 2013). The genome sequence of D. drummondii obtained from DNA purified with the protocol described here is publicly available; all data have been deposited in GigaDB (Griesmann et al., 2018). This small genome, combined with a generation time of less than a year, makes Dryas suitable as model genus for the Rosaceae family.

In this study, we focused on D. drummondii and D. octopetala. We omitted D. integrifolia because of its high similarity with D. octopetala (Skrede et al., 2006), the latter being more accessible and better researched. The close relation between D. drummondii and D. octopetala allows genomic comparisons in order to identify genes specifically involved in plant root endosymbiosis. We present the advances achieved in the development and adaptation of protocols in order to use Dryas as a model genus in Rosaceae research as well as to study the evolution of root symbioses.



MATERIALS AND METHODS

Dryas Seeds and Ecotypes

Seeds of D. drummondii DA462 and D. octopetala DA460 were purchased from the seed producer Jelitto (Schwarmstedt, Germany). The Nymphenburg Botanical Garden of Munich supplied seeds for D. drummondii BGM. Ecotypes Albe. (origin Clearwater County, Alberta, Canada, collected in 2000); and Alas. (origin Alaska, United States, collected in 2002) were found in and supplied by the KEW Millennium Seed Bank (Royal Botanic Gardens, Kew, London, United Kingdom). D. octopetala ecotype E548 was harvested in the Italian Alps (approximate GPS coordinates: 46°24′36.7″N 11°37′48.2″E) by Anna Heuberger.

Primers

Primers were designed based on the first draft genome of D. drummondii (Griesmann et al., 2018). They are as follows: GADPH forward 5′-CCCCAGTACGAATGCTCCCATGTTTG-3′, GADPH reverse 5′-TTAGCCAAAGGAGCAAGACAGTTGGTGG-3′; EF1-a forward 5′-TGGGTTTGAGGGTGACAACATGA-3′; EF1-a reverse 5′-GTACACATCCTGAAGTGGGAGACGGAGG-3′; 26S rRNA forward 5′-TACTGCAGGTCGGCAATCGG-3′, 26S rRNA reverse 5′-TCATCGCGCTTGGTTGAAAA-3′. ITS primers were designed based on Cheng et al. (2016): ITS forward 5′-CCTTATCAYTTAGAGGAAGGAG-3′, ITS reverse 5′-RGTTTCTTTTCCTCCGCTTA-3′.

Seed Storage and Sterilization

Based on advice from seed producers and on results from Nichols (1934) who observed that without prior refrigeration, germination of several alpine species was considerably reduced, we assumed that seeds of Dryas species might require cold stratification prior to germination and therefore stored them at 4°C. Dryas seeds were surface sterilized by immersion in 30% H2O2 (10 min for D. octopetala; 15 min for D. drummondii) and washed three times with sterile H2O. These experiments were performed with four biological replicates per species, with at least 100 seeds per replicate.

Growth Systems

Sterilized seeds were transferred on 1% agar-water plates and incubated in the dark at 22°C for 12 and 8 days for D. octopetala and D. drummondii, respectively. Several sources of agar were tested such as BactoTM agar (Becton Dickinson and company) and agar Kalys HP 696 (Kalys SA, Bernin, France). The germination assays were set up in the dark because this reportedly increased germination rates Bliss (1958). After germination, seedlings of Dryas spp. were grown on plates, in a hydroponic system or in pots.

Growth on plates was performed on ¼ Hoagland’s pH 5.8 (using the protocol for N-free medium; Hoagland and Arnon, 1950) and adding 1 KNO3 to a final concentration of 1 mM) with 0.4% of Gelrite (Duchefa, Haarlem, Netherlands), at 22°C, 55% of humidity with 16 h-light/8 h-dark cycles. After 1 week, plantlets were transferred either into pots or Weck jars (containing production substrate A210; Stender AG, Germany) or into a hydroponic system.

The hydroponic system consisted of a standard 1 mL pipette tip box in two parts: the bottom part contained 250 mL of growth medium (¼ Hoagland, 1 mM KNO3, pH 5.8) and the tip holder with 24 holes in which the plantlets were inserted (Figure 2). To avoid seedlings or young plantlets falling into the medium compartment, the holes were covered with adhesive tape and plantlets were introduced through thin slits cut into the tape. The growth medium was changed twice per week. The hydroponic system was kept in a growth cabinet at 22°C, 55% humidity with 16 h-light/8 h-dark cycles for a maximum of 4 months.

Plants in pots were transferred to the greenhouse (day temperature 21–24°C, night temperature 18–21°C, with additional lighting from 6:00 to 10:00 h and from 15:00 to 22:00 h). The pots were filled either with sand:vermiculite (2:1) or with propagating substrate (A210 Stender AG, Germany). Note that temperature and light conditions were applied as available in our plant growth facilities and not experimentally optimized for Dryas.

Cutting Propagation

For clonal propagation, young and soft shoots of Dryas spp. were cut after the third internode (2–5 cm) above the woody part of the shoot. These explants were directly transferred into moist production substrate A210 (Stender AG, Germany), then kept under plastic cover in the greenhouse. High humidity was maintained under the cover by spraying with water every 2 days for 2 weeks; thereafter, spraying was stopped and cuttings were kept in moist soil under the cover until new leaves had developed and the covers were removed. Three series of ca. 20 cuttings per species were cultivated in the greenhouse during different seasons.

Hairy Root Transformation

We established a protocol for hairy root transformation in Dryas spp. by adapting Lotus protocols. The Agrobacterium rhizogenes strain AR1193 (Stougaard et al., 1987) was used because it had been shown to be very efficient for some plant species such as pea (Clemow et al., 2011) and because it was one of the strains available in our lab previously successfully tested for Lotus japonicus hairy root transformation.

Agrobacterium rhizogenes AR1193 bacteria carrying a Golden Gate LIIIβ F A-B (Binder et al., 2014) plasmid containing the mCherry gene under control of the Ubiquitin promoter (AtUbi10pro) as transformation marker (Pimprikar et al., 2016), were grown in liquid culture (LB medium with 50 μg mL-1 each of rifampicin, carbenicillin and kanamycin) at 28°C overnight. Bacteria were collected via a centrifugation step (15 min at 4.369 ×g) and resuspended in water to obtain the wanted OD600 (0.01; 0.1; 1; 7.2). Cut hypocotyls of 10–12 days old axenically grown Dryas spp. seedlings were dipped in the bacteria suspension and placed on ¼ Hoagland (1 mM KNO3, pH 5.8), 0.4% Gelrite (Duchefa, Haarlem, The Netherlands) plates. The plates were kept for 4 days in the dark at 22°C, then under a 16 h-light/8 h-dark cycle with 55% humidity. To prevent overgrowth of bacteria and dehydration, the plants were transferred onto new plates every week. Four to six weeks after transformation, roots were screened using a Leica MZ16 FA stereomicroscope (Leica Microsystems GmbH, Wetzlar, Germany) using the N3 filter from Leica (BP 546/12;600/40).

DNA Extraction and PCR Reactions

The CsCl gradient DNA extraction method was performed according to Ribeiro et al. (1995). Six to ten grams of leaves (mix of young and old from the same plant) were ground by hand using pistil and mortar with 4 g of PolyclarAT in liquid nitrogen. For the other extraction methods, the two youngest leaves of a shoot with the apical meristem were used as starting material. After being shock frozen in liquid nitrogen, they were ground with a Retsch Mill MM400 (Fa. Retsch, Haan, Germany) two times at 30 Hz for 30 s in 2 mL Eppendorf tubes containing 2 mm diameter stainless steel beads each. The “classical CTAB” extraction method is described in Doyle and Doyle (1987), whereas the “PVP/NaCl” extraction method was developed by Khanuja et al. (1999) based on the classical CTAB method.

PCRs were performed on 1 μl of DNA (20–700 ng of DNA, usually ca. 100 ng) using GoTaq® DNA polymerase (Promega, Germany), SYBR Green buffer and 0.2 μM of each primer. Amplifications were carried for 5 min at 95°C, followed by 35 cycles (30 s at 95°C, 30 s at 60°C, and 40 s at 72°C), and a final extension for 1 min at 72°C. Electrophoresis of a 4 μL of PCR reaction was performed on a 3% agarose gel for 100 min at 130 V. DNA was visualized with UVP UV solo touch from Analytik Jena© (Jena, Germany) after incubation of the gel for 10 min in an Ethidium bromide bath at 2 ng mL-1.

RNA Extraction

Leaves, seedlings and root systems were shock frozen in liquid nitrogen. RNA of ground material (with the same procedure previously described for DNA extraction) was extracted using the SpectrumTM Plant Total RNA Kit (Sigma-Aldrich, CA, United States) without adaptation in the protocol except for older and thicker leaves for extraction of which Polyclar AT was added. The RNA was treated with DNAse (InvitrogenTM TURBO DNA-free Kit; Carlsbad, CA, United States) and tested for purity and integrity with a Bioanalyzer from Agilent (Agilent Technologies, Palo Alto, CA, United States). Twelve independently isolated RNA samples were analyzed.



RESULTS AND DISCUSSION

To establish Dryas as new model genus in the laboratory, we developed cultivation protocols under controlled conditions.

Dryas Seeds and Germination

Fungal contamination of seeds was often observed, whether they were collected in the field or obtained from a professional seed producer. In our study, white fungal hyphae growing out of the seeds led to seedling death at an early stage. Dryas seeds were quite sensitive to different surface sterilization procedures: any traces of ethanol would completely inhibit germination, while the thinness of the seed coat rendered the use of sulphuric acid for scarification risky. Furthermore, the contaminating fungi were quite resistant to NaOCl. However, after stratification of Dryas seeds at 4°C (Figure 1A), most efficient sterilization and highest germination rates were observed using hydrogen peroxide. Indeed approximately 100% of D. octopetala seeds and between 99 and 100% of D. drummondii seeds were free of contaminants after the procedure. Four replicates, with at least 100 seeds per replicate, were observed every 2 days. For D. drummondii, the maximal germination rate (85%) was obtained 8 days post-sterilization, whereas the maximum germination rate of D. octopetala, ca. 40%, was only reached 12 days post-sterilization (Figure 1C).


[image: image]

FIGURE 1. Dryas spp. from seeds to seedlings. (A) Isolated anemochorous silky-feathery achenes from Dryas drummondii. (B) 10-day-old seedlings of D. drummondii. Scale bars denote 1 cm. (C) Time course of Dryas sp. germination after seed surface sterilization. Displayed are means (n = 4 biological replicates with at least 100 seeds per replicate) and standard errors.



The time difference of 4 days to reach maximum germination observed between D. drummondii and Dryas octopetala was consistently observed at least within the samples tested: seeds of all D. drummondii seed sources examined germinated within 8 days and D. octopetala seeds from all sources available within 12 days. This phenotype was consistent not only for seeds produced in the greenhouse or botanical garden during the same month, but also for commercial seeds, the age of which was unknown. However, given that D. octopetala has a very wide distribution, it is possible that the two seed sources examined do not encompass the entire variability of the species.

Dryas Growth Systems

We examined different growth conditions and systems including Gelrite and agar plates, hydroponic systems and classical pots. These distinct growth systems combine diverse advantages for research such as axenic culture, conditions for root system observations and for inoculation with the microsymbiont. Frankia strains able to nodulate D. drummondii have not yet been successfully cultured (Normand et al., 2017), necessitating infection with crushed nodules. As these nodules carry a rich fungal and bacterial microbiome on the surface, inoculation of Dryas with these nodules while maintaining a gnotobiotic system is challenging. On the other hand, plants grown in pots do not represent the most suitable system for root analyses. The process of cleaning the soil from the roots stresses the plant and furthermore, the harvesting of root systems entails the risk of breaking thin and fragile lateral roots and root hairs. To circumvent this drawback, plants can be grown in Petri dishes. For Dryas species this system was suited for early stages of development; for experiments exceeding 4–5 weeks, root and shoot growth required more space. Furthermore, shielding of plates never totally protected the roots from light, and a long exposure of roots to light tends to interfere with the analysis of root responses to any treatment. Exposure of roots to direct light modifies their transcriptome (Hemm et al., 2004) and often leads to stress responses, which can perturb the analyses and cause misleading effects. Hydroponic systems offer the possibility to observe the roots in a non-invasive way while also shielding them from light. They can be used with or without an inert substrate that mimics physical soil contact. The fact that Dryas species can grow in well-aerated soil but can also tolerate flood periods (West et al., 1993), suggested the use of hydroponics as a method of choice.

Once germinated and grown on 1% agar plates with classical plant media like B5 or MS (Murashige and Skoog, 1962; Gamborg et al., 1968; Duchefa, Haarlem, Netherlands) or Fåhræus medium (Fåhraeus, 1957) with 1 mM KNO3, Dryas species seedlings turned reddish, likely due to μlanin production, a response typically interpreted as stress- or defense-related. This anthocyanin production was less pronounced when the seedlings were grown on 0.4% Gelrite with ¼ strength Hoagland medium containing 1 mM KNO3 (Figure 1B). Moreover, after 2 weeks on plates, Dryas spp. plantlets grown on ¼ strength Hoagland medium showed darker green cotyledons and further developed root systems than on B5 medium. Thus, among the tested media for Dryas seedlings on gel-forming media, the best results were obtained with 0.4% Gelrite containing ¼ strength Hoagland solution.

After germination on plates, Dryas species. plantlets were transferred to a hydroponic system (Figure 2A) with ¼ Hoagland solution. In this system Dryas species plants grew and developed without obvious stress symptoms like accumulation of anthocyanins; they formed well-developed primary and lateral roots, and the speed of shoot development resembled that of pot-grown plants (Figure 2B). Altogether, Dryas species plants adapted very well to the hydroponic system tested. The absence of gel and soil substrates offers the opportunity to perform non-invasive observations of roots.
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FIGURE 2. Hydroponic system for Dryas spp. (A) Overview of the hydroponic system: assembled (left) and split up (right). (B) Hydroponic culture of Dryas drummondii after 7 weeks in the hydroponic system; the white rectangle shows a close-up view of the plant labeled with a white arrow. Scale bars denote 1 cm.



Sexual Propagation of Dryas Species

Dryas is a perennial plant genus. D. drummondii has been found to flower in its fifth year (Lawrence et al., 1967), indicating a long generation time that renders crossing experiments difficult. However, nodulation, plant growth and flowering processes in Dryas sp. seem to be extremely dependent on the environment and on light quality and intensity (Kohls et al., 1994). Therefore, we attempted to reduce the generation time under greenhouse conditions.

In our study, flower and seed production did not occur when plants were grown at a distance of 2 m from standard high-pressure mercury vapor lamps (providing 90 μmol m-2 s-1 at the plant level) used in initial trials (fluorescent lamps were not tried for flowering as seedlings from both species were growing significantly more slowly under them than under mercury vapor lamps for the first 5 weeks after germination). However, when the plants were placed at a distance of 2 m under high-pressure sodium vapor lamps (150 μmol m-2 s-1) for 16 h per day, flowering was induced (Figures 3B–D). High-pressure sodium lamps provide light with a richer emission in yellow-orange and a red/far red ratio shifted to the far red compared to standard high-pressure mercury vapor lamps and fluorescent lamps. The flowers produced seeds (Figure 1A) within less than a year after germination, whether the plants originated from cuttings or from sexual propagation. This is a far shorter generation time than the 5 years required for D. drummondii according to Lawrence et al. (1967). In the field, Dryas spp. flower primordia are formed during the summer, i.e., far in advance of flowering, which occurs in the next year shortly after snowmelt, with most individuals flowering within a month (Lawrence et al., 1967). This behavior suggests that the development of floral primordia and blooming depends on photoperiod or vernalization (or both). It is surprising that light from high-pressure sodium lamps, characterized by a lower red/far red ratio, leads to induction of flowering in an arctic/alpine species like D. octopetala, and of a species that has been described as extremely shade-sensitive (D. drummondii; Cooper, 1931). We observed that plants grew much better outdoors than in the glasshouse, but did not identify the limiting parameters. At any rate, changes of light period and temperature might further speed up the induction of flowering and shorten the generation time.
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FIGURE 3. Sexual and vegetative propagation of Dryas spp. (A) Part of a Dryas drummondii plant with a dense leaf rosette and lignified roots, coming from a woody shoot, bearing a nodule (shown magnified in the inset). The plant was collected in the Nymphenburg Botanical Garden of Munich. (B) 1-year-old D. drummondii plant flowering in the greenhouse under a higher-pressure sodium lamp (white arrows indicate flowers). (C–D) Flowers of D. drummondii (C) and D. octopetala (D) in full bloom and in fructification. (E,F) Cuttings of D. drummondii at day 0 (E) and after 22 days of growth (F). Scale bars denote 1 cm.



Seed set under greenhouse conditions occurred at ca. 75% of all D. drummondii flowers and at ca. 65% of all D. octopetala flowers. In their natural habitat, Dryas species combine autogamy and allogamy; seed set is improved when insects are available for pollination (Kevan, 1975; Roslin et al., 2013; Tiusanen et al., 2016, 2019). In the greenhouse, while some insects were usually present, seeds would be formed by flowers covered with paper bags, indicating that all seed batches used gave rise to plants that could perform self-fertilization.

Manual pollination was performed in the greenhouse and in a botanical garden to obtain hybrids. While the large and open flowers of D. octopetala (Figure 3D) made manual pollination possible, D. drummondii flowers were never completely open during full bloom (Figure 3C). Therefore, crossings of female D. octopetala with male D. drummondii were attempted. However, these attempts were not successful. Flowers of species contain multiple stamens, and often, after manual pollination it turned out that not all of them had been removed.

Altogether, sexual reproduction of Dryas spp. was feasible in a laboratory context when sufficient light intensity of a suitable spectrum was provided.

Clonal Propagation of Dryas spp.

Given that Dryas spp. are partially allogamous and experimental studies require homogenous plant material, the use of Dryas as a model genus requires an easy protocol for vegetative propagation. In the wild, clonal growth of Dryas species enables individuals to persist and grow in extreme environments where sexual proliferation is often unsuccessful (Wookey et al., 1995), and where individual clones of D. octopetala commonly live for more than 100 years (Kihlman, 1890; Crawford, 1989). Thus, clonal propagation of Dryas species was expected to be easy. For clonal propagation by cuttings, three series of ca. 20 cuttings per species were grown in a greenhouse at different times of the year. Two to three cm of Dryas stems containing one node were transferred into moist soil (Figure 3E) in a small growth container with a transparent plastic lid for conservation of high humidity levels. Under these conditions, 65–95% of the Dryas cuttings developed roots within 3 weeks in the absence of hormonal treatments (Figure 3F). Once the shoots had successfully rooted, the plants were transferred into single pots and grown under standard greenhouse conditions. This easy protocol for vegetative propagation of Dryas species by cuttings in the glasshouse represents an important tool for performing experiments on a high number of plants that have the same genotype, and it obviates the requirement for seeds.

Hairy Root Transformation of Dryas spp.

For a model plant, a protocol for genetic modification is important in order to analyze the expression of marker gene promoter-reporter gene fusions, or to perform reverse genetics. Hairy root transformation mediated by Agrobacterium rhizogenes is the most commonly used technique to introduce chimeric constructs into plant roots. The fact that this method does not transform the shoot is no hindrance to the study of root symbioses; A. rhizogenes-mediated hairy root transformation is routinely used not only in the model legumes Lotus corniculatus var. japonicus (Díaz et al., 2005) and Medicago truncatula (Boisson-Dernier et al., 2001) but also for actinorhizal plants like Datisca glomerata (Markmann et al., 2008), Casuarina glauca (Diouf et al., 1995) and (Imanishi et al., 2011) and non-FaFaCuRo plants like tomato (Ron et al., 2014).

In order to develop a hairy root transformation protocol, we inoculated axenically grown Dryas spp. seedlings with A. rhizogenes at different cell densities. 5 weeks after transformation, the composite plants on plate were evaluated. For D. drummondii, a transformation efficiency of 55–70% was obtained under all conditions tested, while D. octopetala plants died more frequently in response to infection with A. rhizogenes. The use of higher bacterial densities had a negative effect on plant survival, while lower bacterial densities reduced transformation efficiency. Here, the best compromise between low mortality and transformation rate for D. octopetala was observed when the A. rhizogenes suspension was adjusted to an OD600 of 1. However, the transformation efficiency was still low with only 30% (Figure 4A). The experiment was repeated three times using an A. rhizogenes suspension adjusted to an OD600 of 1 on ca. 70 seedlings per species. In all cases, the results were the same: 55–70% transformation for D. drummondii, maximally 30% transformation for D. octopetala.
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FIGURE 4. Agrobacterium rhizogenes-mediated transformation of Dryas spp. (A) Success rates of hairy root transformation of D. drummondii and D. octopetala depended on the bacteria density. Percentages of dead (white boxes), surviving untransformed (gray boxes) and transformed (black boxes) root systems were determined 5 weeks after transformation on plants grown in Petri dishes. Transformation was determined based on mCherry fluorescence. (B) Visualization of the mCherry transformation marker of D. drummondii hairy roots after 7 weeks of growth in Weck Jars containing sand:vermiculite (left panel) vs. growth in the hydroponic system (right panel). Red arrows point at lignified part of the roots. BF = bright field; mCherry = mCherry fluorescence. Scale bars denote 1 mm.



Previous studies have shown that hairy roots induced by different bacterial strains can vary in morphology and production of secondary metabolites (Thwe et al., 2016); it was also shown that plant defense reactions, phytohormone signaling and secondary metabolism could be affected by high expression levels of the agrobacterial rolB gene (Bulgakov et al., 2018). Thus, the difference in the reactions of two closely related species to the same A. rhizogenes strain is interesting. At any rate, since only one A. rhizogenes strain was used in this study, the use of other strains might leave room for further optimization of hairy root transformation of D. octopetala.

Up to 7 weeks after transfer to pots or to the hydroponic system, transgenic roots showed healthy growth and expressed the transformation marker mCherry driven by the ubiquitin promoter (Figure 4B). However, roots growing in particle substrates such as sand:vermiculite, developed sections with increased lignification, hence more autofluorescence and opacity. This led to the quenching of the mCherry signal as highlighted by the red arrows in Figure 4B. In contrast, when plants were grown in the hydroponic system, lignification was less pronounced. Thus, the hydroponic system is well suitable for the observation of fluorescent proteins in Dryas spp. hairy roots.

The ability to clone Dryas spp. genes combined with the capacity to introduce chimeric constructs into root systems opens the possibility to study Dryas genetics in depth, allowing cross-species complementation, as well as transient expression, protein localization, and reverse genetics using CRISPR/Cas or RNAi methods.

Nucleic Acid Extraction From Dryas

For molecular biological studies, DNA and RNA have to be isolated with high purity, integrity and yield to be used for sequencing or reverse transcription, respectively. This was particularly challenging since the woody nature of Dryas species and the composition of the leaves adapted to harsh environmental conditions led to the presence of contaminants interfering with nucleic acid extraction protocols.

We tested different DNA extraction protocols on D. drummondii and D. octopetala, performing at least 30 extractions per method. DNA isolated from Dryas spp. with classical CTAB extraction protocols had an UV absorbance ratio at 260/280 of ca. 1.8, but the 260/230 ratio was always below 1.8, indicating polysaccharide contamination (Figures 5A,B). Several established DNA extraction methods were tested (Supplementary Table S1), but none of them led to a yield and purity sufficient for robust PCRs and de novo whole genome sequencing. However, a CTAB protocol adapted for recalcitrant plant material (Khanuja et al., 1999; “PVP/NaCl”) by addition of PVP, followed by a high salt lysis buffer and extraction with chloroform:isoamyl alcohol (24:1, v/v), resulted in good quality DNA suitable for PCRs with reproducible results (Figure 5B). Yet, the DNA yield and quality required for genome sequencing was so far only achieved using a modified Dellaporta et al. (1983) protocol followed by a CsCl gradient centrifugation as described by Ribeiro et al. (1995). The DNA extracted using this last method was used for de novo whole genome sequencing performed in collaboration with the Beijing Genomics Institute (BGI, China). The first version of the D. drummondii genome was used in a phylogenomic comparison study by Griesmann et al. (2018).
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FIGURE 5. Nucleic acid extractions from Dryas spp. (A,B) Ratios of UV absorbance at 260 nm vs. 280 or 230 nm, from DNA samples isolated from Dryas drummondii and Dryas octopeatala using three different methods: the classical CTAB method = “CTAB”; an adapted CTAB method for difficult plants = “PVP/NaCl” and a method involving a Caesium chloride gradient centrifugation = “CsCl.” An OD260/OD280 ratio (A) for nucleic acids vs. protein of at least 1.8 (dashed line) is generally accepted as denoting “pure DNA.” OD260/OD230 (B) values for nucleic acids vs. polysaccharides should be higher than 2.0 (dashed line; Green and Sambrook, 2012). All DNA isolations were performed on 30 biological replicates per method. (C) Agilent Bioanalyzer electropherogram analysis of RNA isolated from D. octopetala, showing RNA integrity as determined by an RNA Integrity Number (RIN) of 8.9.



The SpectrumTM Plant Total RNA Kit (Sigma-Aldrich) was used in order to extract RNA from different organs of Dryas spp. When Polyclar AT was added during the grinding step for recalcitrant samples (e.g., mature leaves and lignified roots), this method resulted in RNA of suitable integrity and purity for the performance of reverse transcription-quantitative PCR as indicated by the RNA integrity number (Figure 5C). RNA extracted from roots, leaves and seedlings following this method was used by the BGI in order to assist gene prediction for the D. drummondii genome (Griesmann et al., 2018). The transcripts were mapped to the protein-coding gene models, identified using the MAKER-P pipeline (version 2.31; Campbell et al., 2014), in order to obtain gene characteristics (size and number of exons/introns per gene, distribution of genes, features of splicing sites, etc.).

All method comparisons are summarized in Supplementary Table S1.

PCR Amplification of Dryas spp. gDNA Fragments Using the D. drummondii Genome for Primer Design

We tested the suitability of the DNA preparations resulting from different protocols as templates for PCR. Based on the published D. drummondii genome (Griesmann et al., 2018). Primers were designed based on the first version of the D. drummondii genome. The targets were regions in the internal transcribed spacer (ITS) of nuclear ribosomal DNA, 26S ribosomal RNA (26S rRNA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the elongation factor 1-alpha (EF1-a). Using D. octopetala gDNA as template, fragments were amplified and sequenced as well. The amplification confirms that the DNA preparations were of sufficient quality, while high sequence conservation in these regions highlights the similarity between D. drummondii and D. octopetala. Indeed, the size of amplicons of both species were similar and their sequences presented few single nucleotide polymorphisms (Figure 6).
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FIGURE 6. PCR of marker genes in Dryas spp. (A) PCR products were amplified from different marker genes (GADPH, EF1-a, 26S rRNA and ITS) using gDNA from Dryas octopetala ecotypes (“DA460” and “E548”) and Dryas drummondii ecotypes (“DA462,” “MBG,” “Alas.” and “Albe.”) extracted with the PVP/NaCl method (DA460∗ represents gDNA of D. octopetala ecotype DA460 extracted with the CTAB method). (B) Nucleotide alignment of the fragments from D. drummondii ecotype DA462 and D. octopetala ecotype DA460. Matching residues are marked as dots and differences are highlighted in red. Green arrows highlight the primers used.



Dryas as Model Genus for the Rosaceae

With the basic but indispensable procedures and protocols for cultivation, vegetative and sexual propagation, hairy root transformation of and nucleic acid isolation from Dryas spp. described in this study, Dryas emerges as a new model genus to study important traits associated with survival in arctic and alpine conditions, including the formation of root symbioses with bacteria and ectomycorrhizal fungi.
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Medicago sativa

Reverse
Theoretical Mass error Dot ot Retention
Annotation m/z (Da) m/z (Da) (mDa) Adduct Exact Mass (Da) Product Product Time InChIKey
Isoliquiritin 419.1343 419.1337 0.6 [M+H]+ 418.1264 944.5847  943.5583 2.18 YNWXIFQOCHMPCK-LXGDFETPSA-N
7-Hydroxyflavanone 241.0863 241.0859 0.4 [M+H]+ 240.0786 981.1453 988.3962 4.56 SWAJPHCXKPCPQZ-UHFFFAOYSA-N
Liquiritigenin 257.0812 257.0808 0.4 [M+H]+ 256.0735 905.5894  927.9195 3.51 FURUXTVZLHCCNA-UHFFFAOYSA-N
Pinocembrin 257.0813 257.0808 0.5 [M+H]+ 256.0735 787.3966  907.5052 392 URFCJEUYXNAHFI-UHFFFAOYSA-N
Naringenin 2730762 273.0758 0.4 [M+H]+ 272.0685 -1 -1 272 FTVWIRXFELQLPI-ZDUSSCGKSA-N
Narirutin 419.1332 419.1337 0.5 [M+H-C6H1005]+ 580.1792 864.0896  811.4224 1.78 HXTFHSYLYXVTHC-AJHDJQPGSA-N
Dihydrokaempferol 271.0606 271.0596 1.0 [M+H-H20+ 288.0634 840.4518 822.2188 0.58 PADQINQHPQKXNL-LSDHHAIUSA-N
Naringin 581.1872 581.1865 0.7 [M+H]+ 580.1792 -1 -1 1.85 DFPMSGMNTNDNHN-CSIAVLANSA-N
Quercetin 3'-methyl ether 317.0661 317.0656 0.5 [M+H]+ 316.0583 924.9923 975.8453 3.1 1ZQSVPBOUDKVDZ-UHFFFAOYSA-N
Datiscetin 287.0555 287.0550 0.5 [M+H]+ 286.0477 911.2479 889.0267 2.95 WCNLFPKXBGWWDS-UHFFFAOYSA-N
3-Hydroxy-3'"-methoxyflavone 269.0812 269.0808 0.4 [M+H]+ 268.0735 783.5383 962.6492 4.56 GYLGASXCHFNKHD-UHFFFAOYSA-N
Coumestrol 269.0449 269.0445 0.4 [M+H]+ 268.0372 972.4412  959.3188 29 ZZIALNLLNHEQPJ-UHFFFAOYSA-N
Daidzein 255.0656 255.0652 0.4 [M+H]+ 254.0579 -1 -1 2.18 ZQSIJRDFPHDXIC-UHFFFAOYSA-N
Medicarpin 271.0968 271.0965 0.3 [M+H]+ 270.0892 940.9747  825.0352 3.75 NSRJSISNDPOJOP-BBRMVZONSA-N
Genistein 271.0605 271.0601 0.4 [M+H]+ 270.0528 -1 -1 2.79 TZBJGXHYKVUXIN-UHFFFAOYSA-N
Prunetin 285.0762 285.0758 0.4 [M+H]+ 284.0685 742.4944  674.7249 2,93 KQMVAGISDHMXJJ-UHFFFAOYSA-N
Glycitein 285.0762 285.0758 0.4 [M+H]+ 284.0685 -1 -1 2.36 DXYUAIFZCFRPTH-UHFFFAOYSA-N
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Sissotrine 1?311 ;;i iigggz (())i [K/IE;I{?;F 446.1213 751.821 788.7471 1.72 LFEUICHQZGNOHD-UHFFFAOYSA-N
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3',4'-Dimethoxy-7-hydroxyisoflavone 299.0919 299.0914 0.5 [M+H]+ 298.0841 836.9082  916.3702 3 VFZIJLPRJAQGFO-UHFFFAOYSA-N
6,4'-Dimethoxy-7-hydroxyisoflavone 299.0919 299.0914 0.5 [M+H]+ 298.0841 932.1259  870.8793 3.58 KJGPBYUQZLUKLL-UHFFFAOYSA-N
Biochanin A 285.0762 285.0758 0.4 [M+H]+ 284.0685 881.004 911.9885 4.15 WUADCCWRTIWANL-UHFFFAOYSA-N
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Average Average
Reverse Peak Height  Peak Height
Theoretical  Mass error Dot Dot Retention (Arbitrary  (Arbitrary
Annotation /e (Da) (mDa) Adduct _ Exact Mass(Da) Product  Product _ Time InChlKey Units) Units)
Peonidin 3-0-rutinoside 463.1229 463.1235 06 [CaLCGHI004}+  609.1814 7183713 8720741 220  ONQVIPMFYSRRLL-HUIUZFAXSA-O y Anthocyanin
Maritimein 449.1072 449.1079 0.7 [M+H} 448.1006 975.1226 692.7123 272 SYRURBPRFQUYQS-RHEILWEFSA-N
4-Deoxyphloridzin 443.1307 443.1312 05 [M+Na]+ 420.1420 869.4292 871.8372 291 NLGUKXQDDTZCDG-QNDFHXLGSA-N
Naringin dihydrochalcone 437.1431 437.1443 12 [MHH-C6HI004]+  582.1949 7425112 663.6321 060 CWBZAESOUBENAP-QVNVHUMTSA-N 09 0075 g’l’;:z:’::
Naringenin 273.0754 273.0758 04 [M+H]+ 272.0685 382.3394 920.6653 227 FTVWIRXFELQLPI-UHFFFAOYSA-N
Pinocembrin 257.0805 257.0808 03 [M#H 2560735 8786736 9267058 257  URFCIEUYXNAHFI-UHFFFAOYSA-N
Narirutin 419.1331 4191337 06 [M+H-COHIOOS]+ 5801792 8952618 8814257 191  HXTFHSYLYXVTHC-AJHDIQPGSA-N
Naringenin 4, 7-dimethylether 167.0338 1670339 01 [M+H-COHIOO[+  300.0998 0150733 9326581 149 CKEXCBVNKRHAMX-HNNXBMFYSA-N S:’V}:"“’y";l »
3,5.7.3'4"-Pentahydroxyflavanone 287.0546 287.0556 10 [M+H-H20}+ 3040583  040.0904 9408458 049  CXQWRCVTCMQVQX-UHFFFAOYSA-N Flavanonol
Fustin 243.0649 243.0652 03 [MSH.CH202}+ 2880634 589.035 8222004 080  FNUPUYFWZXZMIE-LSDHHAIUSA-N 0 Flavanonol
Dihydrokaempferol 2710597 2710596 01 [MHH-H20} 2880634 8319346 8125168  0.80  PADQINQHPQKXNL-LSDHHAIUSA-N Flavanonol
Chrysin 255.0647 255.0652 0.5 [M+H]+ 254.0579 -1 -1 4.00 RTIXKCRFFJGDFG-UHFFFAOYSA-N 4.98 ). Flavone
Luteolin 287.0546 287.0550 04 [MHTH 286.0477 583.1896 878.9459 9.55 IQPNAANSBPBGFQ-UHFFFAOYSA-N ). Flavone
6-Hydroxyflavone 239.07 239.0703 03 [M+H]+ 238.0630 -1 -1 353 GPZYYYGYCRFPBU-UHFFFAOYSA-N
Apigenin 7-glucoside 433.1124 433.1130 0.6 (M+H]+ 432.1057 904.0886 856.6778 236 KMOUJOKENFFTPU-QNDFHXLGSA-N
Lutcolin-4'-O-glucoside 439.1073 449.1079 06 [MHH} 4481006 S67.0875 7479448 078  UHNXUSWGOIMEFO-QNDFHXLGSA-N
Vitexin-2"-rhamnoside 579.1703 579.1709 06 [MHH 5781636 837.1746 9673208 156 LYGPBZVKGHHTIE-UHFFFAOYSA-N
Lutcolin-7,3-di-0-glucoside 611.1600 6111607 07 [MHH} 6101534 6458632 74778 204 BISZYPSIZGKOFA-IPOZFMEPSAN
Apigenin 7-0-neohesperidoside 570.1703 5791709 06 [MHH 5781636 7977675 8177665 044  FKIYLTVIPDLUDL-WAEXOFCTSA-N
Pectolinarin 623.1965 623.1971 06 [MHH} 621898 662607 §79487 279  DUXQKCCELUKXOE-CBBZIXHGSA-N
Isorhoifolin 570.1703 5701709 06 M#H] 5781636 8145816 6924609 221  FKIYLTVIPDLUDL-SLNHTIRHSA-N
317.0652 317.0656 04 MHH 3160583 6183651 8533499 290  FHHSEFRSDKWIKJ-UHFFFAOYSA-N O
331.0807 3310812 05 M+ 330.0739 7810229 8060188 380  IMEYGBIXGILUIS-UHFFFAOYSAN ()'_‘":ng;]m "
Acacetin 285.0754 285.0758 04 [M+H]+ 284.0685 849.429 905.3773 544 DANYIYRPLHHOCZ-UHFFFAQYSA-N E)I::’!:::)I'lnlcd
Rhamnetin 317.0652 317.0656 04 [M+H]+ 316.0583 853.1801 655.4908 248 JGUZGNYPMHHYRK-UHFFFAOYSA-N ). Flavonol
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POLLUX MergedOrtho ~ Ct_CtTrNR12292 -0.43 0.090 Dg_DgTrNR14917 -0.83 0.000 Mt_Medtr2g005870 1.61 0.000 AY497771.1
Group009011
CCAMK MergedOrtho  Ct_CtTrNRO7875 -0.49 0.064 Dg_DgTrNR14486 0.02 0.857 Mt_Medtr8g043970 0.59 0.004 AY496049.1
Group006145
Sub001
CYCLOPS MergedOrtho  Ct_CtTrNR09813 0.25 0.294 Dg_DgTrNR00459 1.60 0.000 Mt_Medtr5g026850 3.18 0.000 EF117279.1
Group005459
Sub002
NSP1 MergedOrtho  Ct_CtTrNR12805 -0.10 0.595 Dg_DgTrNR11911 0.96 0.000 _Medtr3g085310 0.00 1.000 -
Group009317
_Medtr8g020840 1.62 0.000 AJ972478.1
NSP2 MergedOrtho ~ Ct_CtTrNROO101 0.50 0.232 Dg_DgTrNR0O0363 -1.38 0.000 _Medtr3g072710  —1.34 0.000 AJ832138.1
Group000090
Dg_DgTrNR01580 0.99 0.001 _Medtr5g058860  —2.59 0.000 -
ERN1 MergedOrtho  Ct_CtTrNR15219 —2.56 0.003 Dg_DgTrNR02845 —0.66 0.006 _Medtr6g029180  —2.53 0.000 -
Group010414
Dg_DgTrNR10008 4.95 0.000 _Medtr7g085810  —0.39 0.373 EU038802.2
NIN MergedOrtho  Ct_CtTrNR12221 5.48 0.003 Dg_DgTrNR00885 8.30 0.000 _Medtr5g099060 7.42 0.000 FJ719774.1
Group008966
Ct_CtTrNR12222 6.47 0.004 Dg_DgTrNR00886 7.56 0.000
LHKA MergedOrtho  Ct_CtTrNR09972 1.16 0.156 Dg_DgTrNRO3717 -0.92 0.000 Lj_Ljog3v0108729 - - DQ848999.1
Group007561
Mt_Medtr2g067240 0.00 1.000 =
Mt_Medtr5g044100 0.00 1.000 -
Mt_Medtr8g106150  —0.22 0.524 -
PIR - Ct_CtTrNR13403 0.13 0.688 Dg_DgTrNRO1709 017 0.048 Lj_Lj1g3v5020900 - - AM946364.1
Dg_DgTrNR07598 —0.51 0.000
RPG MergedOrtho  Ct_CtTrNR08628 -0.78 0.022 Dg_DgTrNR05600 8.90 0.000 Mt_Medtr1g090807 6.45 0.000 DQ854741.1
Group006667
Sub001
Ct_CtTrNR14741 5.14 0.003 Dg_DgTrNR0O7056 -0.25 0.102
CERBERUS  MergedOrtho  Ct_CtTrNR11435 0.24 0.265 Dg_DgTrNR05473 0.87 0.000 Mt_Medtr1g090320 1.25 0.000 EU926661.1
Group002490
Sub002

For each symbiotic pathway gene, the corresponding MergedOrthoGroup and the ortholog(s) are shown. Each ortholog also has its log2-fold change and adjusted p-values are indicated. The yellow cells are not
orthologs, but are putative homologs found by OrthoReD. All genes included in this table were selected from Kouchi et al. (2010) and/or Oldroyd (2013).
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KEGG KEGG pathway name Total enzymes in  C. thyrsiflorus D. glomerata M. truncatula M. truncatula

pathway ID KEGG pathway m (U] (m (G)
130 Ubiguinone and other terpenoid-quinone biosynthesis 47 19 23 24 24
230 Purine metabolism 106 57 61 62 62
240 Pyrimidine metabolism 75 36 41 40 41
540 Lipopolysaccharide biosynthesis 33 8 12 13 13
670 One carbon pool by folate 24 9 13 13 13
710 Carbon fixation in photosynthetic organisms 27 19 21 23 23
730 Thiamine metabolism 29 14 16 18 18
790 Folate biosynthesis 30 11 14 15 15
860 Porphyrin and chlorophyll metabolism 87 23 30 32 32
906 Carotenoid biosynthesis 40 22 25 25 25
909 Sesquiterpenoid and triterpenoid biosynthesis 7T 5 4 11 11
941 Flavonoid biosynthesis 19 16 13 13 18
943 Isoflavonoid biosynthesis 14 1 1 9 9
1200 Carbon metabolism 221 92 93 96 ar
1210 2-Oxocarboxylic acid metabolism 58 30 29 32 32

T, transcriptome; G, genome.
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OmssPe.
OmssP7

Name

Protein ID

182936
160794
56003
20160
23797
125454
25811

FLM means

0,685

0.103

0044
o

o
o
o

Expression

MYC means  Fold change

13734
409
28
105
48
34
16

20056

3961
628
M
Ms
MS
Ms

p-value

5.07 E-20
8.84 E-44
296 E-10
756 E-10
1.55 E-06
1.50E-22
0.003

Predicted domains, repeats
PFAM motifs

1LCR, NO PFAM

1LCR, PFAM: DUF4360
NO PFAM

2internal repeats, NO PFAM
2internal repeats, NO PFAM
NO PFAM

1LCR, NO PFAM

Biochemical features

C residues (%)

8(8.60)
4(1.58)
10054)
0(0.00
0(0.00)
20091
6237)

LCR, Low complexity region; MS, Transcripts could not be identified in the free living mycelium (FLM) and were considered as mycorrhiza specific.

GRAVY
index

+053
- 029
+0.40
- 048
—024
- 006
—o19

Protein
length

93
253
183
102
108
220
253

Molecular
weight (kDa)

92
276
197
13
18
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265

No. of orthologs
(see also Table Sdc)
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Total (60
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Accession Organism Submitted name Identity (%) Score E-value

AOAO14P1Y3 Metarhizium robertsii Hydrophobin-like protein 57 605 16-09
GONOGT Hypocrea virens (=Trichoderma virens) Hydrophobin 55 57.8 2008
ASNIVG Fusarium culmorum Hydrophobin 3 55 543 2007
AOALI7IK23 Coniochasta lgniaria Hydrophobin 3 54 516 2006
AOAOMIEQS0 Fusarium langsethiae Hydrophobin 3 54 516 2006
AOA179FBJO Pochonia chiamydosporia Fungal hydrophobin domain-containing protein 55 50.1 90-06
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