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Introduction

Rhizobia are soil bacteria that have the ability to form root nod-
ules with legumes. These symbiotic organs fix atmospheric dini-
trogen (N,) into organic forms that relieve the plant of nitrogen
limitation. The importance of biological nitrogen fixation (BNF)
for agriculture and the nitrogen cycle in the biosphere is well
recognised. Rhizobium leguminosarum symbiovar viciae (Rlv) is
the specific symbiont of legumes of the tribe Fabeae (formerly
Vicieae) that include crops of agronomic interest such as pea
(Pisum sativum L.) and faba bean (Vicia faba L.). Rlv bacteria
belong to the same species complex as Rhizobium leguminosarum
symbiovars #rifolii (Rlt) and phaseoli (Rlp), which nodulate clover
(Trifolium species) and Phaseolus bean (Phaseolus vulgaris L.),
respectively. Rlv genome sequences belong to at least five distinct
genospecies that are not symbiovar specific (Kumar et al., 2015).
The genetic determinants of the symbiosis are plasmid encoded
(Young, 2016; Andrews ¢t al., 2018), so symbiovars reflect the
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Summary

¢ Fabeae legumes such as pea and faba bean form symbiotic nodules with a large diversity of
soil Rhizobium leguminosarum symbiovar viciae (Rlv) bacteria. However, bacteria competi-
tive to form root nodules (CFN) are generally not the most efficient to fix dinitrogen, resulting
in a decrease in legume crop yields. Here, we investigate differential selection by host plants
on the diversity of Rlv.

¢ Alarge collection of RIv was collected by nodule trapping with pea and faba bean from soils
at five European sites. Representative genomes were sequenced. In parallel, diversity and
abundance of RIv were estimated directly in these soils using metabarcoding. The CFN of iso-
lates was measured with both legume hosts. Pea/faba bean CFN were associated to Rlv
genomic regions.

e Variations of bacterial pea and/or faba bean CFN explained the differential abundance of
Rlv genotypes in pea and faba bean nodules. No evidence was found for genetic association
between CFN and variations in the core genome, but variations in specific regions of the nod
locus, as well as in other plasmid loci, were associated with differences in CFN.

¢ These findings shed light on the genetic control of CFN in Rlv and emphasise the impor-
tance of host plants in controlling Rhizobium diversity.

symbiosis plasmid rather than the chromosome diversity. The
nodD gene, encoding a regulator of symbiosis genes, has fre-
quently been used as a marker to discriminate R/v bacteria based
on their symbiotic capacities (Zéz¢€ er al., 2001; Laguerre er al.,
2003). Indigenous populations of Rly are frequent in soils
(Laguerre et al., 2003; Mutch & Young, 2004). Plant benefits
rely on both legume and Rhizobium traits that operate at different
stages of interaction. Early stages of symbiotic association require
Rhizobium and host plant compatibility to form root nodules
together (ability to form nodules, AFN) that is generally assessed
by inoculating the bacteria alone on its host. Nevertheless, in soil
there are generally several compatible R/v bacteria for a host plant
and the bacteria which finally form nodules vary among multiple
possible associations. Compatible combinations display various
levels of competitive to form root nodules (CFN). Pioneer stud-
ies showed that CEN was not associated with the ability to fix
nitrogen in Sinorhizobium/Medicago sativa associations (Amarger,
1981). Co-inoculation of a mixture of diverse pea-nodulating Rlv
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strains on a panel of 104 pea genotypes, representative of the vari-
ability of the genus Pisum, revealed that the CEN varied greatly
depending on both pea and R/v genotypes and it was not associ-
ated with BNF efficiency (Bourion ez 4/, 2018). Plants may sanc-
tion BNF-inefficient partners by reducing the number of
cultivable cells present in nodules (Kiers et 4/, 2003) and prefer-
entially stimulate the growth of symbiotic organs formed with
most BNF-efficient rhizobia (Laguerre e al., 2012). Nevertheless,
BNF may be suboptimal because of the presence of poorly effec-
tive but highly competitive R/v that outcompete BNF-efficient
compatible bacteria (Laguerre ez al., 2003). Despite the potential
interest for inoculation of pea with effective R/v strains (Bremer
et al., 1988; Fesenko et al., 1995; McKenzie et al., 2001), inocu-
lant strains are frequently outcompeted by naturally occurring
ineffective rhizobia (Meade er al, 1985). Understanding the
determinants of CFN will allow the selection of bacteria for
improved inoculation strategies (Triplett & Sadowsky, 1992;
Laguerre ez al., 2003).

The mechanisms controlling CEN have not been fully eluci-
dated. There is evidence for microbe—microbe interactions such
as antibiosis and quorum sensing that are potentially involved in
CFN (Robleto et al, 1998; McAnulla et al, 2007; Naamala
et al., 2016). It is likely that differential proliferation of competi-
tive bacterial genotypes in the host rhizosphere contributes to
CFN, but the association between symbiosis plasmid diversity
and partner choice supports the hypothesis that plant—Rhizobium
interaction mechanisms are major drivers of CFN (Moawad,
Ellis, & Schmidt, 1984; Laguerre ez al., 2003). They involve the
synthesis and secretion by rhizobia of lipo-oligosaccharides called
Nod Factors (NFs). NFs are recognised by plasma membrane
localised plant receptors and trigger pathways that activate nodule
formation. This interaction can confer species specificity
(Dénarié et al., 1992; Mergaert et al., 1997; Broughton ez 4l.,
2000; Radutoiu ¢t al., 2007). In rhizobia transcription of the nod
genes is controlled by NodD, a transcriptional regulator, acti-
vated by flavonoids secreted by the plant (Broughton ez al,
2000). The common rhizobial genes #odABC are responsible for
biosynthesis of the core NF, and nod[] are involved in their secre-
tion from the bacteria (Mergaert ez al., 1997). NFs from different
thizobia share the same chitin-like N-acetyl glucosamine back-
bone with a fatty acyl chain at the nonreducing end, but differ in
the backbone length, the size and the saturation of the fatty acyl
chain, as well as substitutions such as glycosylation, acetylation
and sulfation (Dénarié et al, 1992). These differences are
encoded by accessory nod genes and may result in variations of
the interactions among rhizobial and plant species (Debellé ez af.,
1988; Surin & Downie, 1988; Downie & Surin, 1990; Surin
et al., 1990; Lewis-Henderson & Djordjevic, 1991a,b; Spaink
et al., 1991; Bloemberg ez al., 1995). The nodX gene of some Rlv,
such as the strain TOM, is responsible for the acetylation of the
NFs at the reducing terminus, and this modification allows nodu-
lation with specific pea genotypes from the Middle East which
have a SYM2 allele encoding a LysM-RLK able to recognise this
modified NF (Firmin e# al, 1993; Hogg et al, 2002; Sulima
et al., 2017). In addition, bacterial surface polysaccharide recog-
nition by specific LysM receptors modulates plant-bacterial

New Phytologist (2020) 226: 555-568
www.newphytologist.com

New
Phytologist

recognition and potentially CFN (Kawaharada ez al, 2015).
Secretion of bacterial effectors by the type I and type III bacterial
secretion systems have been implicated in modulating the partner
choice (Devine et al, 1980; Sutton et al, 1994; Deakin &
Broughton, 2009; Linhartova ez al., 2010; Yang ez al., 2010).

In this study, we focus on early partner choice and investigate
the genetic basis of CEN of R/y with pea and faba bean (the most
cultivated Fabeae crops in Europe) in natural populations of bac-
teria. The strategy was to characterise extensively the large diver-
sity of Rlv from various geographic sites (directly in soil or using
trapping in pea and faba bean nodules), to measure CFN with
both hosts, and to associate R/ genomic variation with pea/faba
bean CFN phenotype in order to identify candidate genes and/or
markers controlling this early symbiotic trait.

Materials and Methods

Bacterial collection

Rhizobia were isolated from an agricultural site in each of five
European countries (France, Spain, Sweden, Serbia and the
Czech Republic; Supporting Information Table S1). Soils were
collected from each site at the beginning of the growing season
by collecting five subsamples of top soil (1-10 cm) from 6 to
15 plots belonging to diverse culture systems (Table S2).
Pooled samples were formed by combining soils from the dif-
ferent plots at each site. Pool samples have relatively homoge-
nous chemical compositions, except the Spanish soil that was
more clayey than others. R/v bacteria were trapped by growing
pea or faba bean (Table S3) in 11 pots filled with a mixture of
soil and sterile siliceous sand. For each pool, 100 nodules were
sampled individually from 32-d-old plants, surface sterilised in
3% sodium hypochlorite for 3 min, washed four times in ster-
ile water, crushed in 12.5% glycerol and plated on yeast-ex-
tract—mannitol (YEM) broth. Bacteria were isolated from all
pooled soil samples and both hosts except the Spanish pool
(unsuccessful trapping with pea). After three cycles of single
colony purification, 210 isolates were collected (130 from faba
bean and 80 from pea nodules). A part of the coding sequence
of the nodD gene was amplified by PCR using specific primers
(Table S4) and sequenced (Genoscreen, Lille, France; hetps://

www.genoscreen.fr/).

The diversity and abundance of nodD sequences in soil

Soil subsamples were taken from each of the plots at each Euro-
pean site, and of the pooled soil from each site that was used for
plant nodulation trapping. Soil was well mixed and 100 000
copies of the QQstd-nodD artificial template (Table S4) were
added to 250 mg soil. This template was based on the nodD
sequence of R. leguminosarum sv. viciae strain 3841, retaining
matches to the primers, but with each base of the sequence
between them replaced with its complement, in order to ensure
that the base composition of the amplicon was not altered but
the actual sequence resembled no natural sequence. Soil DNA
was extracted with the MoBio Powerlyzer Powersoil extraction
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kit (Quiagen, Manchester, UK). The relative abundance of sym-
biovar viciae nodD genes in soil samples was estimated by PCR
amplification and high-throughput DNA sequencing using the
MAUI-seq protocol (Fields ez a/., 2019). The NodD136fwd and
NodD136rev primers (Table S4) were designed to amplify an
informative sequence 136 bp long (excluding the primers) at the
start of the coding sequences of all known 7odD genes of symbio-
var viciae (based on published and our unpublished data), but
not of the related symbiovar #rifolii or any other published DNA
sequences. These sequences were incorporated in the extended
primers (including linkers and a 12-nt random unique molecular
identifier) used in the MAUI-seq method. After Illumina
sequencing, the reads were processed according to the MAUI-seq
protocol (Fields et al., 2019) to estimate the relative abundance
of NodD sequence variants, and their absolute abundance was
estimated by comparison with the counts for the spiked artificial
template.

Effectiveness and competitiveness measurement

Plant varieties regularly cultivated at the five European sites
were used (Table S3). Seeds were surface sterilised in 3%
Ca-hypochlorite solution for 10 min. Plants were grown in a
glasshouse (16 h: 8 h, 22°C: 18°C, day: night cycle) in 21 pots
filled with sterilised siliceous sand. High-pressure sodium lamps
with a active radiation of

mean  photosynthetically

250 pmol photons m ™ >s~' were used to complement natural
light at morning and evening. Pots were supplied with N-free
nutrient solution (K;HPO4 0.8 mM, MgSO4 1 mM, K,SOq4
0.6 mM, CaCl, 2 mM, NaCl 0.2 mM adjusted to pH 6.5) twice
a week. Plants were inoculated at sowing with 400 ml suspension
of bacteria of interest (107 CFU ml™") grown in YEM broth. For
effectiveness experiments, shoots were collected from 6-wk-old
plants inoculated with single Rlv isolates or well characterised
control strains (P221 for pea and 3841 for faba bean). Relative
normalised biomass was calculated by dividing shoot biomass by
the shoot biomass obtained with the control strain in a parallel
experiment on the same plant variety. For competitiveness
experiments, the strain of interest was co-inoculated in equal
proportion with a reference strain carrying antibiotic resis-
tance. PINP3CSt (Laguerre ez al., 2007) and PINP2HSp (spon-
taneous mutant of PINP2H; Laguerre e al, 2003), resistant
respectively to streptomycin (100 pugml™") and spectinomycin
(100 pug ml™"), were used as reference with, respectively, pea and
faba bean. Nodules (50-96 from three individual plants) were
surface sterilised as mentioned above, crushed individually in
12.5% glycerol and the suspension streaked onto YEM agar
plates. The bacteria present in each nodule are generally clonal
and multiple infections (mixed nodules) are below 1% (Amarger,
1981). The number of nodules occupied by the reference strain
was scored using antibiotic resistance. The CFN was defined as
the ratio of nodules formed with the strain of interest to the refer-
ence strain. For relative comparison on a given host, CEN distri-
bution was then centred on the median of the host dataset (i.e.

24 CEN tests for faba bean, 26 for pea).
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Genome sequencing, genomic and genetic association
analysis

Bacterial genomes were sequenced by MicrobesNG (Birming-
ham, UK, https://microbesng.uk/) on an Illumina HiSeq plat-
form using a 250bp paired-end protocol. Genomic DNA
libraries were prepared using the Nextera XT Library Prep Kit
(llumina, San Diego, CA, USA). High-quality paired-end
reads were assembled using the Galaxy/BBRIC pipeline
(https://bbric-pipelines.toulouse.inra.fr/) and genome annota-
tions were performed using EUGENE-PP (Sallet er al, 2014)
and Rast (http://rast.nmpdr.org/; Tables S8-S10). Pairwise
average nucleotide identity (ANI) values were calculated using
JSpECIES software (http://jspecies.ribohost.com/jspeciesws), and
dDDH values were calculated using the GGpc2.1 webtool
(Meier-Kolthoff ez al, 2013). Heatmaps were built using the
pheatmap R package. Core and accessory genomes of Rlv bac-
teria were generated using the SPINE/AGENT webtools (http://
vismspineagent.fsm.northwestern.edu/index_age.html; Ozer
et al., 2014) using the default parameters (except minimum
core genome segment size to output=200bp). Genomic
regions specific to strains of interest were selected and their
presence/absence checked by a BLasT search in their genomes.
The nucleotide sequences of the 7nod genes were aligned using
CLusTALOMEGA webtool  (https://www.ebi.ac.uk/services) and
biallelic single nucleotide polymorphisms (SNP) were selected.
A Mixed Linear Model implemented in the EMMAX software
(Kang er al, 2010) was used to detect associations between
CEN values and SNPs of the nod region. Briefly, the model,
which is routinely used in plant genome-wide association stud-
ies, estimates allelic effect at each SNP accounting for the
genetic relationships between individuals which are described
by a kinship matrix calculated using the whole SNP dataset.
Each allelic effect is then tested for significance using an Ftest,
producing then a P-value for each SNP tested.

Results

Diversity of nodD gene sequences

A nodD sequence was successfully amplified from each of the 210
strains that were isolated from root nodules on pea and faba bean
plants grown in soils from five European countries (Table S5).
The 31 distinct sequences (alleles) were more similar to symbio-
var viciae than to trifolii (strain WSM1689) or phaseoli (strain
4292; Fig. 1). They fall into seven clades or ‘nodD groups” (boot-
straps > 82%; Figs 1, S1; Table S5). The two main nodD groups
are B1 (89 isolates) and Al (91 isolates). The other five nodD
groups (31 isolates) are closely related to these two groups. The
strains isolated in the present study represent all known nodD
groups and most of the known 7rodD alleles (23/31). They cov-
ered and enriched the R/v diversity previously characterised on a
limited number of bacteria. Although there were differences in
their relative abundance, the two main nodD groups were found
at all the European locations (Fig. 2; Tables S5, S6).
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Fig. 1 Phylogenetic tree based on nodD gene sequences of the 210 pea and faba bean Rlv isolates. Blue, red and green colour boxes define the A, B and C
nodD groups respectively. Horizontal scale indicate the number of base substitutions per site. Vertical scale is related to the number of isolates present in
nodD groups. Detailed phylogenetic tree is provided in the Supporting Information Fig. S1.

Plant hosts select different nodD genotypes from the soil
population

The relative frequency of nodD groups among rhizobia isolated
from pea and faba bean root nodules was very different, even
though the plants were exposed to the same set of soil popula-
tions. From all soils, the frequency of isolates belonging to the
group B1 was higher in faba bean (72%) than in pea nodules
(24%). An opposite result was observed for isolates belonging
to the group Al (Fig. 2; Table S6). To understand whether
pea or faba bean, or both, are being selective in their choice of
rhizobia, the composition of the soil populations from which
they trapped symbionts is required. We used specific PCR
primers for symbiovar viciae to amplify a part of the nodD
sequence from DNA extracted directly from soil samples. The
most abundant sequences recovered from the soil samples were
in the nodD group Al, which was also the most abundant in
the isolates from these soils (Fig. 3). The second group in
abundance was B1, which was the second most abundant type
among all isolates. Together, these two 70dD groups represent
89.5% of all nodD sequences recovered from the soil. Only
three other sequences exceeded 1% in overall frequency, and
all of these were also found among the isolates. This demon-
strates that direct amplification from the soil does recover
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relevant sequences, and that isolates from nodules include most
of the Rlv diversity available in the soil. Similar sequences were
found in all European soils, but their relative abundance varied
widely even among soils sampled from different plots at the
same location (Fig. 3a), although replicate analyses of individ-
ual soil samples were reproducible (Fig. 3b). Quantitation
using an artificial template added to soils immediately before
DNA extraction did not work perfectly, as this sequence was
not recovered from a few of the samples, perhaps because the
DNA was rapidly immobilised or lost. However, results for the
remaining samples (Fig. S2a) indicated that soils with a high
abundance of 704D sequences were overwhelmingly dominated
by group Al (Fig. S2b), which is consistent with the observa-
tion that the soil mixes all had a high frequency of Al
(Fig. 3c). Group B sequences were in the minority in most
soils, indicating that the high frequency of group B among
faba bean nodule isolates (Fig. 2b) was the result of strong dis-
crimination by this host.

Symbiotic effectiveness is not related to nodD genotype

Symbiotic effectiveness was judged by plant shoot biomass pro-
duction on N-free growth medium for a representative subset of
strains inoculated onto their host of origin. Large variations of
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@ o biomass were observed between isolates on both pea and faba
bean but this variation was not significantly explained either by
<0 nodD groups or by geographic origins (ANOVA P<0.05,
Table S7).
g 4
.§ Genome diversity of the Rlv isolates
o 30
g Fifty isolates representative of the 70dD sequence diversity as well
E as geographical origins were sequenced (Table S8). Based on ANI
= (Fig. 4) and digital DNA-DNA hybridisation (dDDH; Fig. S3)
10 comparisons, these isolates are mainly related to three genospecies
of R. leguminosarum, gsE (27 strains), gsC (10 strains) and gsB (3
0 strains), that have been previously identified in European isolates
cz FR sP RS SE (Kumar et al, 2015; Jain et al, 2018; Cavassim et al., 2019).
Eight strains belonged to two other genospecies that were not
®) 60 observed in these previous studies. These two new genospecies
gsF-1 and gsF-2 include respectively the R. leguminosarum strain
50 TOM (Firmin et al., 1993; 5 strains) and the strain R. laguerreae
" FB206 (Saidi et al, 2014; 3 strains). The last two strains
g (CZP3G4 and SEF4G12) display only low genomic similarities
2 with R. leguminosarum bacteria (88% <ANI <89%) but are fur-
5 30 ther distinct from other Rhizobium species (Gonzilez et al.,
= . 2019).
2 - All the Rlv genomes had the canonical cluster of nodulation
genes, arranged in several different operons: nodABCIJ(X), nodD,
10 - nodFEL nodMN(T) and nodO. A phylogeny based on the con-
. catenated sequences of these genes was very similar to that based

on nodD alone, and defined similar clusters, except that group C

cz FR SP RS SE

is split (Fig. S4). It is notable that there is no association between

Fig. 2 Diversity of the Rlv isolates as a function of their host and their the n0dD groups and the genospecies (Table S8).

geographic origin. (a) Isolates from pea. (b) Isolates from faba bean.
Colours represent the nodD groups. A1-A4: dark to pale blue; B1 and B2:

dark and pale red; C: green (see Fig. 1). Origins are Sweden (SE), France . . "
(FR), Spain (SP), Czech Republic (CZ) and Serbia (RS). More details are Competltlveness for nodulation is host speaﬁc and

available in Supporting Information Tables S5 and S6. associated with nod genotype

Although it is generally expected that R/v bacteria form nodules
with all legumes within the Fabeae tribe (including pea and faba

(a) (b) (c)

1. o
N [ | I I I II
. |
0.
0.
O. |
0.0 I
cz FR sp RS E

S CZ FR FR CZFR SP SE
HAl EA2 mWA3 A4 EB1 mD ' ambiguous

o
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[e)]

>

N

Fig. 3 Frequencies of nodD sequences amplified directly from soils. (a) Samples from individual plots of five sites located in Sweden (SE), France (FR), Spain
(SP), Czech Republic (CZ) and Serbia (RS). In each site, soils samples were collected from plots belonging to diverse culture systems (Supporting
Information Table S2). (b) Triplicate analyses of three additional plots. (c) Duplicate samples of the mixed soils (pooled samples of the different plots of
each site) used for nodulation of host plants. Group D is a clade of sequences that have not been found in nodule isolates. Ambiguous sequences are close
to either A or B groups but cannot be placed in a specific group.
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Fig. 4 Genomic diversity of Rhizobium leguminosarum sv. viciae isolates. Hierarchical clustering and heatmap based on average nucleotide identity (ANI)
values. Genospecies gsF-1 and gsF-2 have been defined based on an ANI threshold of 95%, and gsB, gsC and gsE correspond to those previously defined
by Kumar et al. (2015). Already published genomes of R. leguminosarum sv. viciae are included, as well as examples of sv. trifolii (WSM1689) and sv.
phaseoli (4292). Sinorhizobium meliloti 1021 is used as outgroup. Asterisk indicate isolates putative new genospecies, outside the R. leguminosarum

species complex (AN <90%).

bean), isolates may display differences in their CEN, depending
on hosts. To test this hypothesis, we selected a subset of 33 pea or
faba bean isolates that efficiently fix dinitrogen with their initial
host when inoculated alone (Table S7), and that are representa-
tive of the genomic diversity of Rlv (Fig. 4). Each was mixed indi-
vidually with a reference strain before inoculation on its original
plant host species. Bacterial densities were equal and saturating

New Phytologist (2020) 226: 555-568
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(> 107 cfuml™") to prevent the potential effects of differential
bacterial growth on nodulation performance. CFN was estimated
from the ratio of nodules formed (Table 1). A wide range of
CEN index values was found, especially on pea where the CFN
index ranged from 0 to 3.37 (Table 1). There were host-depen-
dent CEN differences between the nodD groups Al and B1. On
faba bean, the median CFN for 70dD group B1 strains was 1.06
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and for A1 strains it was 0.55 (Wilcoxon test; P-value = 0.0378).
By contrast, the median CFN of Bl strains on pea was only 0.14,
whereas for Al 1.28 (Wilcoxon test; I-
value = 0.0218). The results were consistent with the higher pro-
portion of Bl strains isolated from faba bean nodules than from

strains it was

pea nodules (Figs 1, 2). The trade-off between competitive per-
formance on pea and on faba bean was confirmed by focusing on
16 of these R/v isolates that were tested on both host species.
None of these was highly competitive on both hosts. A negative
relationship between CFN on pea versus on faba bean was sys-
tematically found (Table 1; Fig. 5). Nevertheless, there was con-
siderable variation in the CFN of strains within a nodD group,
and even those with identical 7odD alleles (Table 1). Some strains
were uncompetitive on pea (or faba bean), as they formed no
nodules in competition with the reference strain (CFN=0).
However, in these cases, their ability to form nodules when inoc-
ulated alone was confirmed (except SPFP2A11, which did not
nodulate Pisum sativum cv. Lucy, although it was very competi-
tive on faba bean; Fig. S5). Globally, the data indicated an associ-
ation of pea and faba bean CFN with the nodD groups Al and
B1 respectively (Table 1). However, although all R/v competitive
with faba bean were found in B1 and most of the Rlv competitive
with pea belong to Al, some Al strains were more competitive
on faba bean.

Genetic variation associated with differences in the CFN

In order to identify genetic differences that might be responsible for
the CFN variation, we first examined structural variation within the
nod gene region between bacteria of 704D groups Al and B1. All the
strains had the equivalent set of 70d genes, arranged in the same
order, except those in 704D group B1 that have the additional gene
nodT together with a small gene of unknown function inserted down-
stream of nodT. Five strains of the group Al have the n0dX gene
located downstream of the 70dABCIJ operon but this insertion was
not associated with pea/faba bean CEN in our experimental condi-
tions (data not shown). The N-terminal end of NodO in B1 bacteria
is also substandally divergent compared with Al bacteria (only 57%
identity is observed in the first 100 amino acids). Both the presence
of the nodT gene and the 7040 allele variation in Bl strains, com-
pared with Al, is significantly associated with low CFN on pea, but
there is no effect on faba bean (2=0.00553 and P=0.3694 respec-
tively, Kruskal-Wallis test). It is possible that these structural differ-
ences may contribute to the contrasted CFN phenotypes on pea.

The second approach aimed to identify SNPs within the con-
served nod genes region, which may be associated with pea/faba
bean CFN phenotypes. The two hosts were first considered inde-
pendently; 24 isolates have been tested on faba bean and 26 on
pea. The nod regions of these isolates were aligned to identify the
SNPs associated with pea or faba bean CFN values. In total, 1449
and 1785 biallelic SNPs (with faba bean or pea respectively) were
identified. Following association tests with faba bean and pea
CFN phenotypes, two clusters of 53 and 76 significant SNDPs,
respectively, were detected (P-value threshold of 5%; Fig. 6). In
order to account for multiple tests, we calculated a chromosome-
wide 5% P-value threshold for each dataset by using
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permutations (see Methods S1). The empirical P-value thresholds
were 0.004 and 0.0015 for the faba bean and pea dataset, respec-
tively. Using these thresholds, no SN was detected as significant,
although the smallest SNP P-values were 0.01 and 0.0068 in the
faba bean and pea association analyses, respectively, thus close to
the thresholds. However, 92% (49/53) and 76% (58/76) of the
top significant SNPs (i.e. with P-value <0.05) associated with
CFNs in faba bean and pea respectively, were clustered within
the 7odMNO genes zone. Using a procedure of spatial permuta-
tions of each P-value dataset (see Methods S1), the probabilities
to observe in the permuted datasets >92% (faba bean) or 76%
(pea) of SNPs with a P-value threshold <0.05 and lying within
the 3300 bp nodMNO zone, were null. This indicated that the
physical clustering of these significant SNPs within the nodMNO
zone is unlikely to be due to random chance.

To identify loci outside of the 70d region potentially associated
with CFN phenotypes, we compared bacteria with contrasted
CEN phenotypes sharing close or contrasted nod genotypes (i.e.
A vs A or A vs B). In the first approach, nod type A bacteria dis-
playing contrasted pea/faba bean CFN phenotypes were com-
pared. Five significant genomic sequences were identified and
annotated by reference to the genome of the strain 3841 (Tables
2, 89). Three of these regions were found on pRL9 and pRL12,
but it was not possible to assign the two others regions to a repli-
con because they were absent from the reference. Presence/ab-
sence of these specific genomic regions was then characterised in
all sequenced genomes of Nod type A isolates, and the association
with the CFN phenotype was estimated (Table S9). These five
regions were significantly associated with faba bean CFN but
only two of these with pea CFN (Tables 2, S9). In a second
approach, the genomes of eight bacteria displaying the most con-
trasted CFN phenotypes (i.e. a high CFN with pea and a low
CEN with faba bean, or vice versa), and belonging to the Nod
type A or B were compared using the same strategy. This identi-
fied 32 specific genomic sequences (Tables 2, S10). Except for
one region located on the chromosome and five regions absent in
the reference strain 3841, all others clustered within 14 regions of
the plasmids pRL8, pRL9, pRL10 (symbiosis plasmid) and
pRL12. One of these regions included the 7040 gene and the
insertion of the nodT gene in the pRL10, as expected. The pres-
ence/absence of these specific genomic sequences was charac-
terised in all genomes of isolates, and the association with the
CEN phenotype was estimated (Table S10). Finally, 14 regions
were significantly associated with both pea and faba bean CEN
phenotypes, whereas six were solely associated with pea CFN
(Table 2). Among these genomic regions, only one (encoding an
acetyl-CoA hydrolase transferase) was identified in both analyses
(i.e. Avs A and A vs B).

Discussion
A widespread nod gene polymorphism in Rlv is associated
with host preference

The diversity of R. leguminosarum sv. viciae populations was char-
acterised either by trapping bacteria in pea or faba bean root
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Table 1 Competitive to form root nodules (CFN) of diverse Rlv isolates.

Normalised CFN
Strain Isolated from Genospecies nodD group nodD allele Faba bean Median Pea Median
SEF5G12 faba 1 A1 18 0.31 0.55 nd 1.28%
SPF4F3 faba B A1 18 0.6 2.41
RSF2G1 faba B A1 17 0.00 217
FRF1H7 faba C A1 21 0.2 1.78
CZF5G8 faba C A1 26 1.38 0.38
CZF5B4 faba C A1 18 1.03 0.16
SEF4H7 faba C A1 21 0.69 nd
RSP1E11 pea E A1 26 0.49 3.37
SEP3F1 pea E A1 26 0.51 3.02
FRP5H7 pea E A1 26 1.4 0.78
RSP1F2 pea F-1 A1 21 nd 0.77
CZP2D1 pea nd A1 22 nd 0.06
RSP1E6 pea B A4 15 nd 0.43
CZP3C9 pea E A2 15 1.29 0.89
CZP1G4 pea E A2 14 1.69 0.5
CZP1G9 pea E A3 10 nd 2.31
SEP2G2 pea E A4 " nd 1.88
FRP5D3 pea E A4 10 nd 0.00
RSP1F10 pea F-1 A4 10 nd 1.34
SEF4G12 faba ! B1 6 1.45 1.06* 0.79 0.14
CZF1B5 faba C B1 4 0.74 nd
SEF4B9 faba C B1 4 0.71 nd
CZF1F8 faba E B1 6 1.16 nd
FRF1A1 faba E B1 6 0.96 nd
FRF3E2 faba E B1 4 0.42 nd
FRP3E5 pea E B1 6 nd 0.23
FRP5C5 pea E B1 6 1.48 0.05
FRP5A4 pea E B1 6 1.33 0.00
SPF2F4 faba F-2 B1 4 1.67 0.00
SPF2A112 faba F-2 B1 5 1.25 0.00
RSF1B9 faba F-1 B1 6 0.96 0.27
FRF1D12 faba F-1 B1 4 0.82 0.36
FRP3E11 pea E C 1 nd 0.00

Isolates were co-inoculated with reference strains P1NP3CSt (pea) and P1NP2HSp (faba bean) onto host plants. CFN is expressed as the ration of nodules
formed with the strain of interest to the reference strain. CFN values in bold are for strains on their original host species. nd, not determined.
"Genospecies displaying <90% ANI with all known R. leguminosarum symbiovar viciae (RIv) sequences.

2SPF2A11 was unable to nodulate Pisum sativum cultivar Lucy.
* P<0.05.

nodules or by quantifying them directly in the soils. This study
confirmed that bacteria of the same symbiovar may belong to dif-
ferent genospecies and a genospecies may include bacteria from
different symbiovars (Kumar ez 2/, 2015). The phylogeny of nod
genes located on the symbiosis plasmid is independent of chro-
mosome variations. Lateral gene and plasmid transfers are the
major drivers of the evolution of the symbiotic phenotype (at
least at the level of R. leguminosarum) and therefore genospecies
are not ecologically relevant for symbiotic traits (Kumar ez al.,
2015; Andrews ez al., 2018). However this does not exclude that
some genes present on the chromosome may also contribute to
the symbiotic phenotype and its variation.

Most of the R/ nodule isolates (87%) and sequences identified
directly in the soil (90%) belong to the two main nodD groups
Al and B1. These groups include and extend those already
defined by RFLP analysis in previous studies on bacteria trapped
from European soils with pea and faba bean (Laguerre et al,

New Phytologist (2020) 226: 555-568
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2003; Mutch & Young, 2004) or from Chinese soils with faba
bean (Tian et al., 2010). Few examples of specific nodD alleles in
particular geographic location were found (even when bacteria
isolated outside of Europe and present in GenBank were included
in the analysis), giving little support for strong phylogeographic
structuring of the R/v diversity. This study confirmed previous
observations, made on a limited number of soils, that pea and
faba bean select differentially Al and B1 nod groups of R/v from
the same soil populations to form nodules (Laguerre ez al., 2003;
Mutch & Young, 2004; Jorrin & Imperial, 2015).

Characterising the diversity of the ‘hidden’ soil population
of rhizobia

As evaluated either by the number of collected isolates or by the
level of n0dD sequences estimated in the soil, the relative sizes of
nodD groups may vary greatly between geographic sites. Indeed,
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Fig. 5 Competitive to form root nodules (CFN) of the Rlv isolates tested
with both pea and faba bean. Data were extracted from the Table 1.

local variation of the relative composition of R/v communities
between soil plots in each site is large and in the same range as
the variation between geographic locations. Systematic analyses
have already revealed high local variation of R/t population sizes
and their symbiotic potentials (Wakelin ez 4/, 2018). Whether
these variations are the consequences of independent evolution
trends of the bacteria, agronomic practices, the presence of differ-
ent hosts, environmental parameters or soil composition favour-
ing specific groups of isolates remain to be investigated.

Research' 56

Nevertheless, it is noteworthy that the main nodD groups are
maintained in all sites. This suggests that 704D groups of Rlv bac-
teria are nonsubstitutable. They are likely under positive selection
in the various sites probably because of specific ecological func-
tions. Whether these functions are related to their interactions
with Fabeae legumes, other plant species or to factors related to
their free-living lifestyle remains to be discovered.

We have no explanation: (1) why pea trapped many nodD
group B1 bacteria on the French pool of soil, whereas it generally
trapped #nodD group Al bacteria on other pools; and (2) why we
were repeatedly unable to trap bacteria with pea from the Spanish
pool despite the presence of n0dD group Al bacteria in these
soils. We can only speculate that CFN is interacting with abiotic
and biotic environmental factors such as soil composition, pH or
culture system that may contribute to modulate nodulation and
may result in CFN variation. Response of CEN to environment
is an open question that requires further investigation beyond the
objective of this study.

The amplification of 704D sequences directly from soil DNA,
followed by high-throughput sequencing, is a novel approach to
address the challenge of describing the diversity of potential sym-
bionts in the soil. On the whole, the sequences found and their
relative abundance are consistent with the genotypes of the nod-
ule isolates, but there is one clear anomaly. Most of the isolates
from the French soil were nodD group B1 (Fig. 2), but all the
sequences amplified from the pooled French soil were nodD
group Al (Fig. 3c). We can speculate that this was the result of
inadequate mixing of the soil before the small subsample was
taken for DNA amplification. The various French soil samples
that were pooled for the nodulation tests showed extreme varia-
tion in allele frequency (Fig. 3a,b) and, in retrospect, we can see
that extremely thorough mixing is needed before subsampling of
pooled soils.
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Fig. 6 Association between pea or faba bean competitive to form root nodules (CFN) and single nucleotide polymorphism (SNP) within the nod genes
sequence. Black circles represent biallelic SNPs along nod gene cluster. The location of the nod genes is indicated. Red arrow correspond to the 3 kb region
between nodN and nodO genes (containing nodT in some strains), too variable to be included in this analysis.
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Table 2 Specific genomic regions associated with CFN with Pisum sativum or Vicia faba.

New
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Association with faba bean

Association with pea CFN ~ CFN
Genomic
comparison Region/CDS Total A1 B1 Total A1 B1
(nod types) Replicons’ positions? Annotation® (n=20) (n=12) (n=8) (=23) (=11 "©=12)
AvsB chromosome  833874-838499 Hypothetical protein * 0.10 (*) * * 0.35
AvsB pRL7 51839-52045  Hypothetical protein * 1.00 1.00 0.12 1.00 (*)
AvsB pRL8 77684-78604  LysR transcriptional regulator * * 0.26 * 0.22 *
AvsB 78784-79167  Endoribonuclease L-PSP * * 0.26 * 0.22 *
AvsB 79231-80253  Nitrilase * * 0.26 * 0.22 *
AvsB pRL9 19902-20633  Transcriptional regulator Crp-Fnr family ~ * 0.37 1.00 * * *
AvsB 20661-22586  fixL * 0.37 1.00 * * *
AvsB 24138-25490  Coproporphyrinogen Ill oxidase, * 0.37 1.00 * * (*)
oxygen-independent
AvsB 26312-27064  Transcriptional regulator Crp-Fnr family ~ * 0.37 1.00 * * (*)
AvsB 27191-27916  Truncated response regulator * 0.37 1.00 * * (*)
AvsB 28190-29263  Alcohol dehydrogenase * 0.37 1.00 * * (*)
AvsB,AvsA 30916-32436  Acetyl-CoA hydrolase * * 1.00 * * (*)
AvsB 32449-33273 Universal stress protein family, tandem * * 1.00 * * (*)
domain
AvsB 33432-33740  hypothetical protein, miscellaneous * * 1.00 * * *)
AvsB pRL9 49741-50607  Universal stress protein family * 0.37 1.00 * * (*)
AvsB pRL9 8920-9131 no annotated gene * * 1.00 * * 1.00
AvsB pRL10 174948-175802 nodO * 1.00 1.00 0.27 1.00 1.00
AvsB 176905-177522 Hypothetical protein * 1.00 1.00 0.27 1.00 1.00
AvsB 177479-178927 nodT * 1.00 1.00 0.27 1.00 1.00
AvsB pRL10 205375-205767 Transposase * 1.00 1.00 0.12 1.00 (*)
AvsB pRL10 217295-216726 Transposase * 1.00 1.00 0.12 1.00 (*)
AvsB pRL10 153549-153184 Hypothetical protein * 1.00 1.00 0.12 1.00 (*)
AvsB pRL10 215237-215476 15481 transposase * 1.00 1.00 0.32 1.00 0.31
AvsB pRL10 182899-182656 no annotated gene * 1.00 1.00 0.27 1.00 1.00
AvsA pRL12 57481-57729  VapC toxin protein antagonist 1.00 * 0.45 * 0.25
AvVsA pRL12 58177-58587  Hypothetical protein 1.00 * 0.45 * 0.25
AvsB pRL12 99541-100443  Transcriptional regulator * 0.31 0.17 * * *
AvsB 100563-101459 UDP-glucose 4-epimerase * 0.31 0.17 * * *
AvsB 101512-102480 Hypothetical protein * 0.31 017  * * *
AvsB 102545-103369  Aldo/keto reductase family * 0.31 0.17 * * *
AvsB pRL12 371983-372822 Hypothetical protein * 0.17 012  (*) 0.53 *
AvsB 372947-373888 LysR transcriptional regulator * 0.17 0.12 () 0.53 *
AvsB pRL12 598629-598466 No annotated gene * * 1.00 * * 1.00
AvsB pRL12 868438-869751 Hypothetical protein * 0.28 * * * 0.19
AvsB scaffold#4®  255964-256491 ECF family sigma factor * 0.66 * * 0.21 *
Avs A scaffold#12*  37450-40707  DNA polymerase 1l subunit alpha 1.00 * 0.82 * 0.52
AvsB scaffold#14*  157714-158751 Aspartate-semialdehyde dehydrogenase  * 0.39 1.00 * 0.10 *)
AvsB scaffold#32*  52588-528333 Hypothetical protein * 0.39 1.00 * 0.10 *)
AvsA scaffold#39*  21998-22116  no annotated gene 1.00 * 1.00 * 1.00
Avs A scaffold#39* 28925-29324  no annotated gene 1.00 * 1.00 * (*)
AvsB scaffold#42*  16775-17494  Methyl-accepting chemotaxis protein * 1.00 1.00 0.12 1.00 (*)
AvsB scaffold#42* 19264-20550  DegT/Dnr)/EryC1/StrS * 1.00 1.00 0.12 1.00 (*)
aminotransferase
AvsB 20691-21362  HAD family hydrolase * 1.00 1.00 0.12 1.00 (*)
AvsB 21391-22038  GnaT-family acetyltransferase * 1.00 1.00 0.12 1.00 )
AvsB 22343-23551  Glycerophosphoryl diester * 1.00 1.00 0.12 1.00 *)
phosphodiesterase
AvsB 23588-24670  Hypothetical protein * 1.00 1.00 0.12 1.00 (*)

Genomic regions are listed. Associations of presence/absence of these genomic regions with pea or faba bean CFN were estimated by a Kruskal-Wallis test
using the data of the Table 1. Association was tested in global populations of bacterial isolates as well as subpopulations belonging to the nod type A or B
(the size of the population used for the test is indicated). *, P<0.05; (*), P<0.1; no label, P-value>0.1.
"Based on sequence homology to the Rlv 3841 reference genome.
2Positions of the homologous sequences in the R/v 3841 reference genome.

3Annotations of RAST databases.

“Positions of the homologous sequences in the RIv RSP1E11 genome.
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Competitiveness for nodulation is host specific and
associated with the nod genotypes

Both microbe—microbe and plant—microbe interactions are likely
to affect competitiveness for nodulation. As our main interest
was in plant-microbe interactions, we chose to minimise the
opportunity for microbe—microbe interactions by inoculating
with a mixture of Rl at high densities. Although most R/ strains
can nodulate both pea and faba bean when inoculated alone, in
mixture they display highly contrasted CFN with these hosts. As
this trait operates only in mixture, it explains possible discrepan-
cies between the capacity of individual strains tested alone and
their performance in competition with large R/v communities in
the soil. We found that Nod types A and B are associated with
pea and faba bean CFN, respectively, although additional genetic
determinants not linked to nod genes can be also involved.
Whether equivalent associations of CFN with specific nod types
are also found with other Fabeae legumes (lentil, for example)
remains to be investigated. The negative relationship between pea
and faba bean CFN in natural isolates suggests a trade-off
between these two traits. More generally, this implies that the
diversity and evolution of rhizobial populations cannot be under-
stood without considering interactions with all the potential hosts
that it has encountered.

Genetic factors underlying differences in CFN

Comparative genomic analyses and genetic association studies
are a powerful approach for identifying genetic determinants of
important traits in symbiotic bacteria (Lipuma et al, 2014;
Porter et al., 2017). In this study, we identified genetic markers
(specific genomic regions or SNDPs) directly associated with
pea/faba bean CFN. As expected, most of these genomic mark-
ers belong to Rlv plasmids and only a few to the chromosome.
The association between specific SNP clusters and the pea/faba
bean CFN phenotype revealed that the 7odMNO zone within
the nod gene island is likely to be one genetic component of
CFN. A pool-seq analysis of rhizobia populations trapped with
pea, faba bean, lentil or Vicia sativa in a single soil has already
identified this region as highly polymorphic (Jorrin & Impe-
rial, 2015), but the potential association with CFN was not
directly documented. Although global 70dMNO sequence vari-
ation (including the insertion of #nodT within this zone) is asso-
ciated with the nod group, SNPs specifically related to pea and
faba bean CFN were identified. The nodM, N, T and O genes
encode, respectively, glucosamine synthases (likely involved in
the synthesis of the GIcNAc Nod factor moiety), a putative
outer membrane translocator, and a cation-specific channel.
These are not essential for nodulation but may modulate the
process (Economou ez al, 1990; Baev er al, 1992; Wakelin
et al., 2018). Consistent with a role in modulating nodulation
capacities in a host-specific manner, the 7odM and nodT genes
have been implicated in cultivar-specific nodulaton of Rir
(Lewis-Henderson & Djordjevic, 1991a,b), and 70dO was
found to complement loss of #odE, an essential determinant of
host specificity in Rly, which is required for the synthesis of
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NFs with unsaturated acyl moieties (Downie & Surin, 1990;
Demont ez al., 1993).

Presence/absence of additional genomic regions that poten-
tally contribute to the pea or/and faba bean CFN phenotypes
was identified, suggesting that the control of CFN may involve
other genetic determinants in addition to #od genes. Again,
these genomic regions are mainly on plasmids and therefore
are potentially horizontally transferred. Interestingly, these
regions are associated with both pea and faba bean CFN, with
several exceptions associated only with pea CFN (including
nodT). The association of the presence/absence of these
genomic regions with pea or faba bean CFN may vary
depending on the Nod type context, arguing for interactions
between 7od genes and additional genetic loci. Altogether, the
data suggest that pea and faba bean CFN may be associated
with a relatively limited number of specific genetic loci. Func-
tions of the candidate genes are consistent with a role in com-
petitiveness for nodulation. For example a putative methyl-
accepting chemotaxis protein (Rivilla er al, 1995; Yost et al.,
1998), or a putative protein involved in a type II toxin—anti-
toxin system (Yost et al, 2004; Lipuma er al, 2014) may be
implicated either in plant—microbe or microbe—microbe inter-
actions and possibly modulate CFN. However, it would be
too speculative at this stage to propose specific roles for these
loci in pea/faba bean CFN. Indeed, even if the corresponding
sequences are statistically associated with the CFN phenotype,
this could be the result of genetic associations with variations
in neighbouring genes of interest and not to direct roles in
CEN. Reverse genetics studies with several combinations of
various alleles will be required to confirm the biological impact
of candidate genes on pea/faba bean CFN. Nevertheless, these
loci represent valuable markers to select R/v strains competitive
for nodulation with pea and/or faba bean and open the way
to the identification of genes controlling competitiveness for
nodulation.
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