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Abstract

Lipo-chitooligosaccharides (LCOs) were originally found as symbiotic signals called Nod
Factors (Nod-LCOs) controlling nodulation of legumes by rhizobia. More recently LCOs
were also found in symbiotic fungi and, more surprisingly, very widely in the kingdom
fungi including in saprophytic and pathogenic fungi. The LCO-V(C18:1, Fuc/MeFuc),
hereafter called Fung-LCOs, are the LCO structures most commonly found in fungi. This
raises the question of how legume plants, such as Medicago truncatula, can discriminate
between Nod-LCOs and these Fung-LCOs. To address this question, we performed a
Genome Wide Association Study on 173 natural accessions of Medicago truncatula, using
a root branching phenotype and a newly developed local score approach. Both Nod- and
Fung-LCOs stimulated root branching in most accessions but the root responses to these
two types of LCO molecules were not correlated. Also, heritability of root response was
higher for Nod-LCOs than for Fung-LCOs. We identified 123 loci for Nod-LCO and 71 for
Fung-LCO responses, but only one was common. This suggests that Nod- and Fung-LCOs
both control root branching but use different molecular mechanisms. The tighter genetic
constraint of the root response to Fung-LCOs possibly reflects the ancestral origin of the

biological activity of these molecules.

Keywords: GWAS, lateral root development, lipo-chitooligosaccharides, Medicago

truncatula, Nod Factors.

Abbreviations: CSSP: Common Symbiosis Signalling Pathway; Fuc/MeFuc : Fucosylated/
Methyl fucosylated; GWAS: Genome Wide Association Study; LCOs: Lipo-
chitooligosaccharides; LRF: Lateral Root Formation; RLS: Rhizobium Legume Symbiosis,

AM: arbuscular mycorrhiza.



Introduction

Lipo-chitooligosaccharides (LCOs) constitute a family of chitin oligomers substituted on their
non-reducing end with an acyl chain, and further substituted with a variety of additional
functional groups. LCOs were originally found, 30 years ago, to be symbiotic signals, called
Nod factors, produced by rhizobia to trigger the nodulation process in legumes (Dénarié et al.,
1996). This discovery was the starting point for a series of work that gradually brought to light
the symbiotic signaling pathway required for rhizobial infection and nodulation in legumes.
Nod-LCO perception shows a high host specificity that relies on precise LCO substitutions
(Dénarie et al., 1996), and specific LCO structures are perceived by Lysin-motif Receptor Like
Kinases (LysM-RLKSs) in host plants (Bensmihen et al., 2011; Radutoiu et al., 2007). The
activation of the downstream signaling pathway, now called the Common Symbiosis Signalling
Pathway (CSSP), was also found to be necessary for root colonization by Arbuscular
Mycorrhizal (AM) fungi (Catoira et al., 2000). Furthermore, it was subsequently discovered
that LCOs with high structural similarity to Nod factors are also produced by AM fungi (so
called Myc-LCOs, Fig. S1) (Maillet et al., 2011). Without genetic proof that these molecules
are essential for mycorrhization, but since they activate the CSSP as well as symbiotic gene
expression changes in host plants, they are considered, together with their oligosaccharidic
precursors (COs), as key mycorrhizal signals (Camps et al., 2015; Genre et al., 2013; Gough
and Cullimore, 2011; Sun et al., 2015). This was supported by the recent finding in Solanum
lycopersicum, that the receptor protein SILYK10 binds Myc-LCOs and is involved in the AM
symbiosis (Girardin et al., 2019). Also recently, Cope et al. showed both that the CSSP is used
for establishment of the ectomycorrhizal symbiosis between Laccaria bicolor and poplar, and
that L. bicolor can produce LCOs with similar structures to Nod factors (Cope et al., 2019).
Possibly linked to their roles as symbiotic signals, LCOs can interfere with immunity-related
signaling in legumes (Rey et al., 2019) and suppress innate immune responses, even in the non-
mycorrhizal plant Arabidopsis thaliana (Liang et al., 2013). How LCOs dampen legume
immunity is still unclear as they can also induce defense gene expression (Nakagawa et al.,
2011). Another property of LCOs is their ability to modify root architecture by stimulating
Lateral Root Formation (LRF). The stimulation of LRF appears to be a general response,
observed in legume species such as Medicago truncatula treated with Nod Factors or Myc-
LCOs (Maillet et al., 2011; Olah et al., 2005), but also in the monocots rice and Brachypodium
distachyon (Buendia et al., 2019; Sun et al., 2015). In Medicago and Brachypodium, the effect
of LCO stimulation of LRF occurs at early stages of root development and is seen on seedlings

grown in vitro (Herrbach et al., 2017; Buendia et al., 2019). Other positive effects of LCOs on
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soybean or maize root development are reported (Souleimanov et al., 2002; Tanaka et al.,
2015). So, up to this point in our knowledge, LCOs were considered as signal molecules
produced by a variety of symbiotic microorganisms and with several effects on plants, including
activation of the CSSP, regulation of immune responses and stimulation of root development.
However, very recently, a new LCO chapter was opened when Rush et al. (Rush et al., 2020)
discovered both that AM fungi produce a wider range of LCOs than previously described, and
that LCOs are not exclusive to symbiotic microorganisms. Indeed, they constitute a family of
molecules commonly produced by a very large number of fungi, in all clades of the fungi
kingdom. As such, LCOs produced by fungi will be thereafter referred to as “Fung-LCOs”
(Supplementary Fig. S1 available at JXB online). Like previously characterized LCOs, Fung-
LCOs consist of oligomers of 3- 5 residues of N-acetyl glucosamine acylated with fatty acid
chains of various length, saturated or not, and are decorated with acetyl, N methyl, carbamoyl,
fucosyl, fucosyl sulfate, methyl fucosyl or sulfate groups. They can be found in
phytopathogenic fungi, but also in saprophytes and opportunistic human pathogens, i.e. in non-
symbiotic fungi or in fungi that do not interact with plants. The results of Rush et al. suggest
that Fung-LCOs are conserved molecules in fungi that can regulate endogenous developmental
processes such as spore germination, hyphal branching, or dimorphic switching. The fact that
LCO-producing fungi of all kinds are abundantly present in the close environment of plant roots
raises many new questions.

Focusing on the plant side, some of these questions are: are these Fung- LCO structures able to
trigger similar root responses, especially the LRF stimulation previously observed in response
to Nod- and Myc-LCOs? If so, are legumes nevertheless able to differentiate these Fung-LCOs
from the Nod-LCOs? To address these questions, we used a natural variability approach to
compare root growth responses to Fung-LCOs and Nod-LCOs, using the model plant Medicago
truncatula. As a legume, this plant must distinguish between Nod factors specifically produced
by its rhizobial symbiont, Sinorhizobium meliloti, and Fung-LCOs molecules commonly
produced by a vast number of rhizospheric fungi. We carried out two Genome-Wide
Association Studies (GWAS) within a collection of 173 accessions of M. truncatula
(Bonhomme et al., 2014), whose seedlings were either treated with cognate Nod-LCOs, mainly
LCO-1V(C16:2, Ac, S), or with the Fung-LCOs, LCO-V(C18:1, Fuc/MeFuc) (Rush et al.,
2020). By doing so, we could compare root responses to Nod- and Fung-LCOs in a way that is
not possible solely using the reference A17 genotype, and we could uncover specific genetic
determinants underlying these root responses. Our results shed light on how legumes can cope

with structurally related signals emitted by distinct rhizospheric microbes.
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Materials and Methods
Production of lipo-chitooligosaccharide molecules

The Fung-LCOs used here were LCO-V(C18:1, Fuc/MeFuc, Fig. S1) synthesized by
metabolically engineered Escherichia coli as described in (Chambon et al., 2015; Ohsten
Rasmussen et al., 2004; Samain et al., 1999; Samain et al., 1997), the fucosyl and methylfucosyl
substitutions on the reducing end were obtained as described in (Djordjevic et al., 2014). They
were chosen as they are the most representative of the fungal LCOs (Rush et al., 2020).
Sinorhizobium meliloti Nod factors, named thereafter “Nod-LCOs” [mainly LCO-IV(C16:2,
Ac, S)] were extracted from S. meliloti culture supernatants by butanol extraction, and purified
by high-performance liquid chromatography (HPLC) on a semi-preparative C18 reverse phase
column, as described in (Roche et al., 1991b). Nod-LCO and Fung-LCO structures (Fig. S1)
were verified by mass spectrometry as described in (Cope et al., 2019).

Plant material, experimental design and root phenotyping

A collection of 173 M. truncatula accessions (http://www.medicagohapmap.org), provided by
the  INRAE  Medicago truncatula  Stock  Center  (Montpellier, France;
wwwl.montpellier.inra.fr/BRC-MTR/), was used for phenotyping experiments. These
accessions are representative of the overall genetic diversity of M. truncatula and belong to the
CC192 core collection (Ronfort et al., 2006). GWAS for various phenotypic traits have already
been performed using this collection (Bonhomme et al., 2014; Bonhomme et al., 2019; Kang
et al., 2015; Stanton-Geddes et al., 2013; Yoder et al., 2014).

M. truncatula seeds were scarified with sulfuric acid, sterilized in bleach (2.5%) for four
minutes, washed in sterile water, and transferred on sterile agar plates for 2.5 days in the dark
at 15°C to synchronize germination. Seedlings were then grown in vitro on square Petri dishes
(12x12 cm) under 16 h light and 8 h dark at 22°C, with a 70° angle inclination, on modified M-
medium, as previously used for other M. truncatula LRF assays and described in (Bonhomme
et al., 2014) and (Herrbach et al., 2017). This medium contained either (i) the “Nod” treatment
in which Nod-LCOs were incorporated at a final concentration of 108 M, (ii) the “Fung”
treatment in which Fung-LCOs, 10 times less water soluble than the sulfated Nod-LCOs, were
incorporated at a concentration of 10 M (Ohsten Rasmussen et al., 2004), or (iii) two control
(CTRL) conditions corresponding to a 1000x dilution in acetonitrile 50% (CTRL-Fung) or to a
100 000X dilution in water (CTRL-Nod). Different solvents were used for the two types of
LCOs as Nod-LCOs are sulfated and more soluble in water than the methyl-fucosylated Fung-


http://www.medicagohapmap.org/

LCOs (see Fig. S2 and S3). Each accession of M. truncatula was phenotyped in two
independent biological repeats, with 15 seedlings per repeat (3 plates of 5 seedlings per plate),
for each treatment (Nod, Fung, CTRL-Nod, CTRL-Fung).

For each treatment, the lateral root number (LR) of each seedling was followed at four
time points of plant development: 5, 8, 11 and 15 days after seedling transfer on the
experimental media. In addition, the primary root length (RL) was measured 5- and 11-days
post treatment in order to calculate the lateral root density (LRD, i.e. the ratio of the lateral root
number over the primary root length of each plant). All these measurements were carried out
using the image analysis software Image J, using scans of plates (see Fig. S5-S6). In order to
summarize the kinetics of lateral root number appearance over the four time points, we
calculated for each plant the Area Under the Lateral Root Progress Curve -AULRPC- (Fig. S4)
using the R statistical package “agricolae”. Overall, nine phenotypic variables were recorded
for each plant and for each treatment: LR_5d, LR_8d, LR_11d, LR_15d, RL_5d, RL_11d,
LRD_5d, LRD 11d and AULRPC.

Statistical modeling of phenotypic data

For the Nod and Fung treatments separately, as well as for the control of each treatment
(i.e. mock treated plants of the Nod- or Fung-LCOs experiments), adjusted means of each
accession (coefficients) were estimated for each of the nine phenotypic variables by fitting the
following linear model with fixed effects: yix = accession; + repeatj + &ijk, where yij is the
phenotypic value of the kth plant of the jth repeat for the ith accession. Since variation in the
root system development naturally occurred within and among accessions both in control and
Nod/Fung-treated plants, for LR, RL, LRD and AULRPC variables, an additional variable of
induction/repression of the root system development was estimated for each accession by
subtracting the coefficient value under treatment with Nod- or Fung-LCOs by the coefficient
value under control condition (i.e. CTRL-Nod or CTRL-Fung). GWAS was performed using
these variables, referred to as “delta”, estimated for each accession on Nod and Fung-LCOs
treatments  separately  (delta LR _5d, delta RL 5d, delta LRD 5d, delta LR _8d,
delta_ LR _11d, delta RL_11d, delta LRD_11d, delta LR_15d, delta. AULRPC).

Association mapping and local score analyses of phenotypic data
GWAS was performed on the phenotypic variables described in the previous section,
based on phenotypic values for 173 accessions of M. truncatula (see Tables S1-S4 for details).

We used the Mt4.0 Medicago genome and SNP version to perform GWAS (see
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http://www.medicagohapmap.org/). A set of 5,165,380 genome-wide SNPs was selected with

a minor allele frequency of 5% and at least 90% of the 173 accessions scored across the M.
truncatula collection. The statistical model used for GWAS was the mixed linear model (MLM)
approach implemented in the EMMA expedited (EMMAX) software (Kang et al., 2010). The
MLM is used to estimate and then test for the significance of the allelic effect at each SNP,
taking into account the genetic relationships between individuals to reduce the false positive
rate. Genetic relationships among accessions were estimated using a kinship matrix of pairwise
genetic similarities which was based on the genome-wide proportion of alleles shared between
accessions, using the whole selected SNP dataset.

The MLM first implements a variance component procedure to estimate the genetic
(6%) and residual (c%) variances from the variance of the phenotypic data, by using the kinship
matrix in a restricted maximum likelihood framework. Narrow-sense heritabilities (i.e. portion
of the total phenotypic variation attributable to additive genetic effect, h%;s) of each phenotypic
variable were calculated from estimates of 2% and o?%. For each marker a Generalized Least
Square F-test is used to estimate the effects Sk and test the hypothesis fk = 0 in the following
model: yi = fo + fXik + i, with Xik the allele present in individual i for the marker k, and ni a
combination of the random genetic and residual effects (Kang et al., 2010). As in previous
GWAS in M. truncatula (Bonhomme et al., 2014; Rey et al., 2017), we used a genome-wide
5% significance threshold with Bonferroni correction for the number of blocks of SNPs in
linkage disequilibrium (i.e. p-value < 10°%), to identify significant associations following the F-
test on the estimated allele effect size at each SNP.

In order to detect small-effect QTL that would not pass the 107 significance threshold,
we performed a local score approach (Aoun et al., 2020; Bonhomme et al., 2019; Fariello et
al., 2017) on SNP p-values. The local score is a cumulative score that takes advantage of local
linkage disequilibrium (LD) among SNPs. This score, defined as the maximum of the Lindley
process over a SNP sequence (i.e. a chromosome), as well as its significance threshold were
calculated based on EMMAX p-values, using a tuning parameter value of & = 3, as suggested by
simulation results (Bonhomme et al., 2019). R scripts used to compute the local score and

significance thresholds are available at https://forge-dga.jouy.inra.fr/projects/local-

score/documents.

Results
Natural variation in the stimulation of lateral root formation by Fung- and Nod-LCOs in

Medicago truncatula
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Growth of the 173 accessions of M. truncatula in the presence of Fung-LCOs or Nod-
LCOs led to 67% and 87% of them with delta_ AULRPC values above 0, respectively. This
indicates a global trend of LCO stimulation of lateral root formation (LRF), especially with
Nod-LCOs (Fig. 1A, B). This trend appeared early in the experiment since LRF was stimulated
in 72% and 83% of the accessions 5 days following Fung-LCO and Nod-LCO treatments,
respectively (Table 1). Interestingly, while certain lines showed a significant stimulation, some
lines showed significant repression of LRF upon Nod or Fung-LCO treatment (see Fig. 1 and
Fig. S9-S12). Among these lines, the reference genotype A17 was strongly stimulated by Nod-
LCOs over the time course, but not by Fung-LCOs (Fig. 1A, B). The R108 genotype was not
included in our GWAS panel because it is not part of the CC192 HapMap collection we used.
However, as it is commonly used for reverse genetics approach, we also tested its root response
to Fung-LCOs (Supplementary Fig. S5 and S6). A higher branching phenotype than that of A17
in control conditions was observed, and no significant LRF or primary root length responses
could be detected for R108 upon Fung-LCO treatment (Fig.S5 and S6).

Since LRF stimulation showed substantial variation across the M. truncatula collection,
we estimated the heritability, namely the proportion of phenotypic variation observed that was
due to genetic variation in the collection (Table 1). In response to Fung-LCOs, the heritability
was relatively low (h%s < 0.16) for phenotypic variables quantifying variation in LR number
and density, and showed a clear tendency to increase over time (h%s = 0.16 for LR number at
15 days post treatment and h?s = 0.15 for LR density at 11 days). In contrast, in response to
Nod-LCOs the heritability of variation in LR number and density was strong at early times (i.e.
0.66 and 0.75 at 5 days post treatment, respectively) and decreased over time but remained
relatively high (i.e. > 0.22 and 0.35, respectively). Interestingly, variation of primary root length
in response to Fung- and Nod-LCOs was also observed, with a more frequent stimulation effect.
Its heritability was stronger for Nod-LCOs at 11 days (h%s = 0.36, Table 1). In the case of
treatment with Nod-LCOs, these results indicate that variation in LRF stimulation, but also in
primary root length stimulation, was largely due to genetic variation in the collection, especially
at early steps, showing the importance of natural variation in the genetic control of LRF and
primary root length stimulation by Nod-LCOs in M. truncatula. In the case of treatment with
Fung-LCOs, the results may indicate a higher sensitivity of LRF to environmental - here
experimental - conditions. However, the strong level of LRF stimulation as well as the low
heritability at early steps (0 < h%s < 0.06, see Table 1) support the hypothesis that the root
response to Fung-LCOs in M. truncatula is much more genetically constrained than the root

response to Nod-LCOs.



Since Fung and Nod-LCOs show a high structural homology and both stimulated LRF
in most genotypes, we tested whether accessions highly stimulated by Nod-LCOs were also
highly stimulated, not stimulated or even repressed by Fung-LCOs. Interestingly, for all
variables, we found no correlation between the stimulations by Fung- and Nod-LCOs, except
at 5 days where we found a significant but weak positive correlation for the variation in LR
number (r = 0.15, p-value = 0.024). The lack of global correlation between LRF stimulation by
Fung-LCOs and LRF stimulation by Nod-LCOs is illustrated in (Fig. 1C, D), with the
delta AULRPC variable that captures root development over time, and with the LR number at
5 days (delta_LR_5d) that captures early steps of root development.

Overall, these results suggest that (i) both Fung- and Nod-LCOs have the property to
stimulate LRF and primary root length in a quantitative manner, and (ii) genetic variation seems
more influential in the root response to Nod-LCOs than to Fung-LCOs. To better understand
the genetic determinants underlying these contrasted phenotypic responses, we performed a
Genome-Wide Association Study.

Genetic determinants underlying quantitative variation in root responsiveness to Fung-
and Nod-LCOs in Medicago truncatula

GWAS was performed separately for Fung and Nod-LCO treatments, for each of the
nine phenotypic variables measuring: (i) variation of the lateral root number (delta_ LR_5d,
delta LR _8d, delta LR_11d and delta_LR_15d), (ii) lateral root density (delta_LRD_5d and
delta_LRD_11d), (iii) primary root length (delta_ RL_5d, delta_RL_11d) and (iv) lateral root
progress curve (delta_ AULRPC) over time (5, 8, 11 and 15 days) (see Tables S1-S4). Across
all phenotypic variables measured in response to Fung-LCOs and Nod-LCOs, p-value-based
tests performed using EMMAX respectively identified 24 and 70 genomic regions or loci
significant at the p-value threshold of 10®. Using the local score approach, more significant
candidate genomic regions were identified as associated with root response to Fung- and Nod-
LCOs, respectively 71 and 123 loci and 1 common locus (Table S5). All the loci identified with
the EMMAX approach are nested within the local score results. Identified loci contain 1 to 11
genes, corresponding to 291 possible genes in total (see Table S5). The mean number of genes
per interval was 1.5 = 1.26 SD, indicating that most of our GWAS hits correspond to a single
gene. Importantly, some loci were identified for the same treatment using several phenotyping
parameters (highlighted in Table S5, in green for Fung-LCOs, orange for Nod-LCOs, blue for
both).



A global view of the genome-wide quantitative genetic bases of LRF stimulation
kinetics following treatment with LCOs could be obtained by the local score analysis of the
delta. AULRPC variable (Fig. 2A, B). Genetic variation involved in LRF stimulation
specifically in response to Fung-LCOs mainly relied on four candidate loci; a gibberellin 2-
oxidase (Medtr1g086550, GA20X) and three receptor-like kinases: a putative Feronia receptor-
like kinase - Medtr6g015805-, a crinkly 4 receptor like kinase CCRA4-like protein -
Medtr3g464080 -, and a Serine/Threonine kinase PBS1 - Medtr89g063300 — (Fig. 2A, Table
S5). One major locus on chromosome 7, containing genes from the leguminosin LEED.PEED
family (Trujillo et al., 2014), but also kinase encoding genes with potential carbohydrate-
binding properties (S-locus lectins) were specifically involved in response to Nod-LCOs (Fig.
2B, Table S5). Only one candidate genomic region involved in the response to both Fung-LCOs
and Nod-LCOs was identified in this study, by the GWAS analysis of delta. AULRPC and
primary root length (delta_ RL _5d) phenotypic variables (Table S5). This region on
chromosome 8 contains three genes among which two encode “embryonic abundant protein”,
annotated as BURP domain-containing protein by the new M. truncatula genome version Mt5
(Pecrix et al., 2018).

A more precise view of the genome-wide quantitative genetic bases of the early steps
of LRF stimulation following treatment with LCOs could be obtained by the local score analysis
of the delta_LRD_5d variable (Fig. 2C, D). Interestingly, this phenotypic variable showed
highly contrasted heritability values between treatments with Fung- and Nod-LCOs (h%s = 0.06
and 0.75, respectively; Table 1). Among 34 candidate genomic regions identified in response
to Fung-LCOs, we identified four highly significant candidate genes whose predicted proteins
show good homology for known functions, such as a dioxygenase (Medtr5g055800, annotated
as ‘“20G-Fe(ll) oxygenase family oxidoreductase”), an LRR receptor-like Kkinase
(Medtr3g452970), a WRKY family transcription factor (Medtr5g091390) and a GRAS family
transcription factor (Medtr4g097080) whose homolog in Arabidopsis thaliana is SHORT-
ROOT -SHR- (Helariutta et al., 2000). Among 49 candidate genomic regions identified in
response to Nod-LCOs for the delta LRD 5d variable, we identified 4 highly significant
candidate genes, among which two are predicted to encode dioxygenases (Medtr4g100590,
Medtr2g068940, annotated “20G-Fe(ll) oxygenase family oxidoreductase”), one MYB
transcription factor (Medtr5g081860, MYB51), and the most significant one encoding a
putative membrane lipoprotein lipid attachment site-like protein (Medtr8g464760), annotated

as thioredoxin-like protein in the Mt5 genome. This analysis also detected two known genes
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encoding a sugar transporter (Medtr3g098930, MtSWEET11) and a GRAS family transcription
factor (Medtr89442410, TF124) (Fig. 2D).

The local score approach for the phenotypic parameter of primary root length at 5 days
identified several F-box containing genes among the main hits obtained, both for Nod-LCO and
Fung-LCO treatments (Fig. S7). Among them, the F-box containing genes Medtr6g027420 and
Medtr6g006730 obtained for the Fung-LCO and Nod-LCO responses, respectively, belong to
the RNI-subfamily of SKP Ubiquitin ligase adaptor proteins that are involved in several
hormonal responses such as strigolactone or auxin signalling (Mashiguchi et al., 2020; Sparks
etal., 2013). Interestingly, a locus with a low p-value (< 2.39 x 1029) at the end of chromosome
5 corresponded to a gene (Medtr5g085250) similar to the E3 ligase COP1 that was shown to
control root growth in response to shoot-perceived light in Arabidopsis (Sassi et al., 2012).
Similarly, two putative auxin efflux carriers, similar to the PIN-like PILS 5 and 7 proteins from
Arabidopsis (Sauer and Kleine-Vehn, 2019) were found associated with the primary root
response after 5 days in response to Nod-LCOs. For the root growth response to Fung-LCOs at
5 days, we also identified the MtSWEET3c locus that was shown to transport mannose and
sucrose and to be expressed in Medicago nodules or roots upon abiotic stress (Hu et al., 2019).

Thus, the GWAS hits we found for the LRF or root growth responses identified putative
candidates with relevant functions for both root development and possible symbiotic roles.

Global analysis of GWAS hits

The most significant genomic regions detected by GWAS thus gave a first hint at
possible mechanisms involved in root response to LCOs. However, local score analysis also
highlighted minor QTL/genes and allowed us to identify several dozen of supplementary genes.
To gain further insights from these data, we performed a Gene Ontology (GO) enrichment
analysis using the Medicago Superviewer interface (Herrbach et al., 2017) (Fig. S8 and made
a literature search using the knowledge database LEGOO (Carrére et al., 2020) (Fig.3 and Table
S6).

Based on GO analysis, 71 and 134 genes identified in the Fung-LCO and Nod-LCO
GWAS were classified, respectively. Both the Nod and Fung-LCO datasets were enriched in
biological functions related to “other metabolic processes” (p-value=0.012 and 5.584 x 1073,
respectively). The Nod-LCO data were also enriched in transcription related biological
processes (p- value=2.036 x10°%). The Fung-LCO data was, as the Nod-LCO data, enriched in
transcription factor and kinase activities (“molecular function” level, p-value= 5.005 x10%and
0.011 for Nod-LCOs and p-value= 0.022 or 0.021 for Fung-LCOs, respectively) (Fig. S8 A, B).
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This is in accordance with the numerous loci associated with receptor-like kinases or
transcription factors (TF) found in both datasets (see Table S1). Accordingly, the Nod-LCO
data showed enrichment in nuclear (p-value=3.792 x10#) and plasma membrane (p-value=
3.907 x107) associated “cellular component” (Fig. 3B). Many of the metabolic functions from
the Nod-LCO candidates and of the genes underlying the “protein metabolism” biological
process enriched with Fung-LCOs (p-value=0.027) were associated with phosphorylation, so
possibly also with signaling pathways. In addition, a significant proportion of loci were
associated with oxido-reduction processes and cell-wall metabolism enzymes (pectin-esterases,
cellulose synthase, phenylalanine ammonia-lyase-like protein). Although not specifically
enriched in these datasets, we also found several hormone related genes. For instance, auxin
signaling (AUX/IAA and Auxin Response Factor, ARF) and auxin transport (efflux carriers)
genes were found in the Nod-LCO data whereas an ethylene receptor and an ethylene
responsive TF were found in the Nod-LCO and Fung-LCO data, respectively (Table S5).

Analysis of transcriptional expression data from the literature that is accessible in the
M. truncatula knowledge database (Carrére et al., 2020) retrieved genes differentially
expressed in different biological conditions. Data could be obtained for 148 out of the 291
candidate genes and are summarized in Table S6. Figure 3 shows the overlap of the gene
expression patterns found between the different conditions analysed. Overall, our GWAS
results identified 123 out of these 148 genes (i.e 83.1%) in symbiotic studies (nodulation or
mycorrhization see “relationship organism” column of Table S6) and 25 out of 148 (16.9%) in
transcriptomic studies with LCO treatments (yellow circle and see “relationship molecule”
column of Table S6) (Fig. 3A). However, available expression data were not restricted to these
symbiotic interactions. Indeed, for the loci identified in both GWAS analysis, expression data
could also be retrieved from nitrate or phosphate starvation experiments (found for 67/148
genes (green circle, Fig. 3A), eight of these 67 genes were specific to nitrate or phosphate
responses, 55/67 genes were also found in symbiotic expression data) or from data obtained
using M. truncatula root pathogens or defense elicitors (found for 53/148 genes (red circle): 9
of these 53 genes were specific to pathogen conditions, 40/53 genes were also found with
symbiotic expression) (Figure 3A, Table S6). A closer look at the loci identified specifically in
the Fung - (Fig. 3B) or Nod — (Fig. 3C) LCO data separately showed a similar proportion of
genes specifically related to nutrition (green circles: 11.5% (3/26) for Fung- and 10% (4/40) for
Nod-LCOs) or to pathogen defense (red circles, 14.3% (3/21) for Fung- and 18.75% (6/32) for
Nod-LCOs).

12



To summarize, a more global view of our GWAS results highlighted enrichment in
signaling and metabolic functions and identified genes that can be responsive to biotic

(symbiosis but also pathogenesis) and abiotic (nutrient status) interactions.

Discussion

In this study, we asked whether a similar developmental root response triggered by lipo-
chitooligosaccharide molecules that share similar structures could depend on similar or
different molecular mechanisms in the model legume M. truncatula. Regulation of root
development by LCOs seems to be a conserved plant response observed in legume and non-
legume plants (Buendia et al., 2019; Sun et al., 2015; Tanaka et al., 2015), raising questions
about its evolutionary origin and molecular conservation. The Nod-LCO molecules we used,
LCO-IV(C16:2, Ac, S), are produced by the rhizobial symbiont of M. truncatula. These LCOs
can be considered as very specific symbiotic signals, with a key role in the narrow host
specificity that characterizes the rhizobium legume symbiosis (RLS). The simple absence of
the sulfate group on the reducing end of the Nod-LCOs renders them inactive symbiotically on
Medicago (Bensmihen et al., 2011a; Roche et al., 1991a). In contrast, the Fung-LCO molecules
used here, LCO-V(C18:1, Fuc/MeFuc), are not only a form of LCOs commonly found in AM
fungi, but they can also be produced by pathogenic or saphrophytic fungi (Rush et al., 2020)
and can thus be considered as a common, almost universal, hallmark of fungal presence.
Furthermore, it is worth noticing that even Bradyrhizobia and Sinorhizobium symbionts of
soybean also produce LCO-V(C18:1, Fuc/MeFuc) (D'Haeze and Holsters, 2002; Wang et al.,
2018), making them also non cognate Nod-LCO signals for M. truncatula. By studying the
ability of M. truncatula plants to respond to specific (Nod-LCOs) or wide-spread (Fung-LCOs)
LCOs, we were thus considering a common situation encountered by plant roots in their natural

environment where they can face different LCO-producing microorganisms.

Here, we have exploited the large genetic diversity among M. truncatula natural
accessions using a GWAS approach to compare the genetic basis underlying root
developmental responses. The root phenotypic traits that we used, lateral root formation and
lateral root density, were chosen because in the M. truncatula reference accession A17 these
traits are stimulated by Nod factors and by the Myc-LCOs originally detected in AM fungi (Fig.
S1) (Maillet et al., 2011; Olah et al., 2005). Moreover, this root developmental response could
be a way to address the activity of LCO structures produced by a wider range of fungi, and not

only symbiotic ones. To address LR density, we also looked at primary root growth, a parameter
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that was not previously described as affected by Nod-LCOs in A17. Moreover, these traits are
relatively easy to score, which was convenient to phenotype many accessions of M. truncatula.
It is worth noting that, in our growth conditions, all accessions formed LRs, albeit with very

different total numbers.

Fung-LCO and Nod-LCO structures stimulate root development of Medicago truncatula
In a quantitative way

Our results clearly showed that the Fung-LCO molecules tested, LCO-V (C18:1,
Fuc/MeFuc) can also stimulate LRF in M. truncatula. This LRF stimulation is variable among
the accessions, and the trait would have been missed if we had only studied the reference
accession, A17, which is poorly responsive (Fig. 1), as previously shown with Sinorhizobium
fredii Nod factors, LCO-V (C18:1, MeFuc) (Olah et al., 2005). We even found accessions that
showed a significant inhibition of LRF upon Nod-LCO or Fung-LCO treatments (Fig. S9- S12).
Also, in contrast to what was previously observed in A17 (Olah et al., 2005), we could detect
some positive effect of Nod-LCOs on primary root length, especially at later time points (11
days). The majority of accessions responded positively to Fung-LCOs for this growth parameter
at both 5 and 11 days. Accordingly, we found a number of loci associated with the variation in
primary root length phenotype (Table S5). Among these loci were some F-box containing
genes, an E3 ligase COP1 related gene and putative auxin efflux carriers that could control root
growth in response to environmental cues. This underlines the power of the natural variation
approach that can detect more responsive genetic backgrounds and reveal new genetic
determinants that would have passed unnoticed in forward and reverse genetic screens with
classical reference accessions. Similarly, GWAS results obtained on root architecture
modification of Arabidopsis thaliana upon hormonal treatments identified that the Col-0

reference accession is not the most responsive to auxin (Ristova et al., 2018).

Medicago truncatula can distinguish between Fung-LCOs and Nod-LCOs

The lack of overlap, with only one exception and for different parameters, between the
loci identified in the Nod-LCO and Fung-LCO GWAS is striking. This lack of overlap is
consistent with the weak correlation between the ability of one accession to respond to Nod-
and to Fung-LCOs (Fig. 1). Although GWAS approaches cannot detect conserved (non
variable) genetic loci, comparing the overlap in genetic variation for a given trait in response

to similar environmental clues is theoretically possible. For instance, in a previous work, we
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used GWAS to find loci underlying the resistance of M. truncatula to five strains of the
oomycete pathogen Aphanomyces euteiches and identified shared and specific loci, most of
which being identified thanks to the local score approach only (Bonhomme et al., 2019). The
absence of common genes (except one locus) highlighted in the two GWAS, and the very
different heritability values found associated with the Fung-LCO and Nod-LCO responses,
indicate that M. truncatula clearly distinguishes these signals, although they have similar
structures and cause the same root response. This can be due to specific receptors (no data is
available yet concerning plant receptors for the Fung-LCOs we used) and/or to divergence in
downstream signaling pathways. The latter hypothesis is consistent with the enrichment in
signaling functions we observed in the GWAS genes (Fig. S8). Nod-LCO and Myc-LCO
stimulation of LRF requires the CSSP in M. truncatula (Maillet et al., 2011; Olah et al., 2005).
However, previous transcriptomic studies performed with Myc-LCO structures which are
closer to those of Nod-LCOs from S. meliloti (Fig. S1) identified that Myc-LCO signaling can
also act independently of the CSSP gene MtDMI3 (Camps et al., 2015; Czaja et al., 2012). It
would be interesting to test whether the Fung-LCOs we used here require signaling from the
CSSP to activate the LRF responses in M. truncatula. CSSP mutants are available in the M.
truncatula A17 genetic background but this accession is poorly responsive to these new Fung-
LCOs in our assays (see Fig. 1 and Fig. S3). In the same way, it would be difficult to test
mutants in the R108 background that does not show a better root response to Fung-LCOs than
Al7 (Fig. S3 and S4).

Genetic determinants of M. truncatula responses to Fung-LCOs and Nod-LCOs
Cell wall, root growth and developmental signaling pathway associated loci

Only one of the genes or loci identified in the two GWAS analyses was found to be
common. This region contained two genes annotated as BURP domain-containing proteins,
which represent a group of proteins specific to plants (Table S5). The BURP domain was named
from the four members of the group initially identified, BNM2, USP, RD22, and PG1beta and
is commonly found in plant cell wall proteins (Hattori et al., 1998; Wang et al., 2015). Cell-
wall related functions, like-cell-wall remodeling, could be linked to root growth promotion
activities of the LCO molecules, and additionally might be related to the root hair deformation
capacities of LCOs (Esseling et al., 2003). One “BURP” gene from this locus (Medtr8g046000)
was previously described as down-regulated by Nod-LCOs in the root epidermis (4h after 10°
8M Nod-LCO treatment) (Jardinaud et al., 2016), downregulated in nodules at 4 and 10 dpi,
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compared to roots (El Yahyaoui et al., 2004) and upregulated in roots mycorrhized with
Rhizophagus irregularis at 28 dpi compared to non-mycorrhizal control roots (Hogekamp et
al., 2011) (see Table S6).

In the Fung-LCO GWAS, we found some signaling genes that could have a role in LRF.
These are the receptor like kinase (RLK) CRINKLY 4 (CCR4) (Medtr3g464080), and a GRAS
TF (Medtr4g097080) related to the SHORTROQOT gene of Arabidopsis, known to control root
development (De Smet et al., 2008; Helariutta et al., 2000). MtCCR4 has not been characterized
in M. truncatula yet but Medtr4g097080 corresponds to MtSHR2, recently found to act
redundantly with MtSHRL1 to control nodule number and root length in M. truncatula (Dong et
al., 2020). This suggests that most of the loci we identified could mainly be required for lateral
root development, and would only play a role in symbiosis if recruited for the formation of the
symbiotic lateral root organ, the nodule. Among the putative RLK genes detected in the Fung-
LCO GWAS, one could encode a Feronia-like RLK (Medtr6g015805). Interestingly, this
protein regulates root growth of A. thaliana (Haruta et al., 2014) but also plant immune
signaling by sensing cell-wall integrity (Stegmann et al., 2017), two biological processes also
regulated by LCOs. Similarly, we identified several receptor-like cytosolic kinases (RLCKS),
also known as PBS1-like kinases, from the subfamily VI in the Nod-LCO data. Some genes
from this subfamily are involved in PAMP-triggered immunity (PTI), including chitin

responses in A. thaliana (Rao et al., 2018).
Phytohormone associated loci

Relatively few hormone-related genes were identified in the two GWAS and they were
all different. The ethylene-related genes Medtr1g069985 and Medtrlg073840 were found in
Fung-LCO and Nod-LCO GWAS, respectively. A gibberellin-related GA2 oxidase gene
(Medtr1g086550) and a few auxin transporter genes (Medtr5g024530, Medtr5g024560 and
Medtr5g024580) were found in the Fung-LCO and Nod-LCO GWAS, respectively. GA2
oxidase is predicted to be a catabolic enzyme that degrades gibberellins (GA) (Yamaguchi,
2008). In M. truncatula, in contrast to Arabidopsis, GAs are negative regulators of LRF
(Fonouni-Farde et al.,, 2019). GAs are also negative regulators of nodulation and
mycorrhization (Bensmihen, 2015; Foo et al., 2013) so down regulation of the GA content
could stimulate LRF, nodulation and mycorrhization. Interestingly, all the auxin-related
functions were found in the Nod-LCO GWAS only. This could be related to the tight
developmental links between LR formation and nodule organogenesis and their common need

for auxin accumulation in M. truncatula (Schiessl et al., 2019; Soyano et al., 2019).
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Endosymbiosis associated loci

Several other loci we identified could also be related to symbiosis. When comparing
with previous transcriptomic studies, we found 123 genes (78 for Nod-LCOs, 44 for Fung-
LCOs and one found in both studies) expressed during symbiotic processes (nodulation or
mycorrhization, Table S6). This represents an important overlap (123/291= 42%, although we
did not retrieve expression data for all 291 loci) probably linked to the role of these molecules
as pre-symbiotic or symbiotic signals to prepare or control specific symbiotic events. We could
even find some very specific LEED...PEED loci that are specifically expressed in nodules
(Trujillo et al., 2014) in the A17 genetic background. Along the same line, MtSWEET11 (found
for the difference in LRD at 5 days with Nod-LCOs, Table S1) was previously shown to be
expressed in infected root hairs, and more specifically in infection threads and symbiosomes
during nodulation in M. truncatula. However, knock out of this gene did not impair RLS,
possibly due to genetic redundancy (Kryvoruchko et al., 2016). This illustrates the interest of
GWAS to identify genes without redundancy issues that can mask the detection of a phenotype
by reverse genetics. Some genes identified in our Nod-LCO GWAS were also found in a
previous GWAS of nodulation. For example, Medtr1g064090/Medtr1te064120 (annotated as a
phenylalanine ammonia-lyase-like protein / Copia-like polyprotein/retrotransposon) and
Medtr2g019990 (annotated as a Serine/Threonine-kinase PBS1-like protein) were previously
found by Stanton-Geddes and colleagues as associated with nodule numbers in the lower part
of the root (Stanton-Geddes et al., 2013). Two other loci Medtr3g034160 (galactose oxidase)
and Medtr5g085100 (AP2 domain class transcription factor) were respectively found as
associated with nodule numbers in the upper part of the root and with strain occupancy in the
lower part of the root (Stanton-Geddes et al., 2013).

We did not find any known CSSP or LysM-RLK genes among our loci detected by
GWAS. This is somehow expected as constrained natural variability on these essential
symbiotic genes due to selective processes was often found in previous nucleotide
polymorphism analyses (De Mita et al., 2006; De Mita et al., 2007; Grillo et al., 2016) and in
previous GWAS studies performed on nodulation phenotypes (Stanton-Geddes et al., 2013).
This also suggests that these genes are not major determinants of natural variability in root
developmental responses to LCOs, although some LysM-RLK genetic variants likely account
for rhizobia host-specificity (Sulima et al., 2017; Sulima et al., 2019). In a more general
manner, it is worth noting that our GWAS approach would not detect conserved non variable

core elements of root development or symbiotic signalling, especially given that all our
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accessions are able to nodulate or to form LRs, showing there is no variability for these two
traits. So we cannot rule out that stimulation of LRF by LCOs involves some common

components we could not identified here.

Evolutionary origins of Medicago truncatula responses to Fung-LCOs and Nod-LCOs

Our GWAS results also raise interesting questions on the evolutionary origin of the root
growth stimulation abilities of LCOs. Indeed, the two different LCO structures (from different
microbial origins) triggered LRF stimulation on a high number of Medicago accessions. The
low heritability of plant responses to Fung-LCOs (with a maximum of 0.16 for the difference
in LR number at 15 days), compared to that of plant responses to Nod-LCOs (with a maximum
of 0.75 for lateral root density at 5 days) is not due to a lack of activity of the Fung-LCOs since
67% to 76% of the accessions did show an increase in root growth response upon treatment
with these LCOs. This rather suggests that the genetic determinants of the Fung-LCO responses
are more “fixed” (i.e. less variable) than those of the Nod-LCO responses. Despite this quite
low heritability, we could still identify relevant loci. This was possible thanks to the local score
approach that, as previously shown with the pathogen Aphanomyces euteiches, enables
detection of loci with 5 to 10% heritability (Bonhomme et al., 2019). The low genetic variability
of responses to these widespread Fung-LCO structures is likely linked to their very ancient
appearance in the fungi kingdom (Rush et al., 2020), and suggests that the ancient function(s)
of these LCOs were non symbiotic. Ancient LCO functions could be LRF stimulation or the
regulation of immunity in plants (Feng et al., 2019; Liang et al., 2013; Limpens et al., 2015), a
function that may have predated the mycorrhizal symbiosis and has not been lost in Arabidopsis
(Liang et al., 2014). LCOs could also be involved in other aspects of plant biology, yet to be
discovered.

Conclusion

Our study provides novel insights into the molecular basis underlying root
developmental responses to LCOs from different biological origins. Further reverse genetic
studies are required to prove the actual importance of these novel loci. For the moment, such
approaches are challenging since both A17 and R108 genetic backgrounds- where most of the
reverse genetic tools are available- were poorly responsive to the Fung-LCO treatment. So any
future reverse genetic approaches should be undertaken in novel accession backgrounds, at least

for Fung-LCOs. A precise investigation of the different allelic variants of these loci would
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represent an additional approach but would require deeper sequencing of the accessions
showing extreme phenotypes. The very low overlap in the loci identified in response to these
two LCO treatments does not rule out the existence of some conserved core regulatory genes,
such as CSSP genes, in controlling these root developmental responses. Nevertheless, our data
showing distinct genetic architectures of the root responses to these specific and non-specific
LCO signals strongly suggests that their recognition has had distinct evolutionary histories, and

provide evidence for an ancestral role of LCOs for stimulation of root growth.
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Table 1 — Estimation of narrow-sense heritability for different phenotypic variables

measuring lateral root stimulation.

Days post Fung-LCO treatment Nod-LCO treatment
treatment
Heritability % accessions with | Heritability % accessions with
A>0 (stimulation) A>0 (stimulation)

A_lateral_root_number 5 0 71.7 (++) 0.66 82.7 (++)
A_lateral_root_number 8 0.03 75.7 (++) 0.48 90.2 (+++)
A _lateral root number 11 0.11 75.1 (+4) 0.22 82.1 (++)
A _lateral root number 15 0.16 47.3 0.35 775 (+4)
A_AULRPC 5-8-11-15 0.12 67.2 (+) 0.50 86.7 (+++)

(Kinetics)
A_lateral_root_density 5 0.06 66.5 (+) 0.75 68.8 (+)
A_lateral_root_density 11 0.15 64.7 (+) 0.36 81.5 (++)
A_primary_root_length 5 0.14 92.5 (+++) 0.22 56.6 (+)
A_primary_root_length 11 0 82.1 (++) 0.36 69.9 (+)

+: 55 < %0 < 70, ++: 70 < %ps < 85, +++: %0 > 85.
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Figure 1 —Medicago truncatula stimulation of root development by Fung- and Nod-LCOs

Quantitative variation in the stimulation of root development is observed in response to (A)
Fung- and (B) Nod-LCOs, with 67% and 87% of the 173 accessions of M. truncatula showing
stimulation of root development, respectively. This root development was measured for 15 days
and expressed as the delta_ AULRPC (see Fig. S2). The position of the reference genotype Al7,
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relative to the other accessions, is indicated by a red arrow head. (C) Plot of delta. AULRPC
(Nod-LCOs — CTRL) values versus delta AULRPC (Fung-LCOs — CTRL) values and (D) plot
of delta LR_5d (Nod-LCOs — CTRL) versus delta_ LR_5d (Fung-LCOs — CTRL) values for
173 accessions of Medicago truncatula, indicating a weak correlation between the stimulation
by Fung- and Nod-LCOs. Vertical and horizontal dashed lines indicate equal states of root
development between treatment (Fung- or Nod-LCOs) and control conditions (CTRL). The

reference genotype A17 is indicated in red and with an arrowhead.
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Figure 2 — GWAS results using a local score approach on Medicago truncatula stimulation
of lateral root development by Fung- and Nod-LCOs.

Each Manhattan plot shows on the y-axis the Lindley process (the local score with the tuning
parameter & = 3) for SNPs along the eight chromosomes (x-axis), with the dashed line indicating
the maximum of the eight chromosome-wide significance thresholds. The local score is shown
for GWAS of four phenotypic variables: (A) delta. AULRPC (Fung-LCOs — CTRL), (B)
delta_ AULRPC (Nod-LCOs — CTRL), (C) delta LRD 5d (Fung-LCOs — CTRL) and (D)
delta_ LRD_5d (Nod-LCOs — CTRL). The most significant candidate genes and their predicted

functions are indicated by arrows on the plots (see Table S5).

26



Figure 3. Venn diagrams of genes found as differentially expressed in transcriptomic data
of various biological conditions from the literature.

(A) 148 GWAS candidate loci from both GWAS analyses corresponding to (B) 54 Fung-LCOs
or (C) 93 Nod-LCOs loci were found as differentially expressed genes from the literature in the
LEGOO knowledge database (Carrére et al., 2020): Symbiosis (blue circle, inoculation with S.
meliloti or R. irregularis), Pathogens (red circle, Aphanomyces euteiches, Phymatotrichopsis
omnivora, Ralstonia solanacearum), nutrition (green circle, phosphate and nitrate starvation)
or LCOs (yellow circle, S. meliloti Nod Factors, sulfated or unsulfated Myc-LCOs as described
in Maillet et al., 2011) (see Table S6 for details).
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