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ABSTRACT

Soil salinity poses a major challenge to the legume-rhizobia symbiosis development, thereby affecting sustainable agriculture.

Selecting NaCl-tolerant strains and enhancing the native strains' fitness under salt stress are essential steps for the restoration

of marginal areas. In this work, 49 Sinorhizobium meliloti strains, the rhizobial species forming symbiotic nitrogen-fixing as-

sociations with alfalfa—including 21 de novo-sequenced field isolates—were subjected to a thorough in vitro screening for salt
tolerance at progressively higher NaCl concentrations. Field isolates showed genome-based geographical clustering but contrast-
ing salt tolerance abilities. Indeed, genome-wide association (GWA) analysis on the strains’ whole-genome sequencing data indi-
cated several loci associated with the variability in salt tolerance. Candidate genes were involved in various processes including

cell wall organisation, LPS biosynthesis, quorum sensing, and carbohydrate transport and metabolism. The relationship with

carbohydrate metabolism was further confirmed by Phenotype Microarray analysis which indicated salt-tolerant strains having

enhanced capacity in carbon source usage. These findings reveal synergistic pathways underlying salt tolerance and suggest
candidate traits (e.g., quorum sensing, carbohydrate synthesis and modification) for developing bioinoculants to enhance legume

performance in saline soils.

1 | Introduction

Degradation of soil quality due to desiccation and salinity is a
major constraint on agricultural productivity in arid and semi-arid
regions (Singh 2021). Evaporation induced by high temperature,
low precipitation and irrigation with salt-rich water due to scarce

availability of fresh water are among the main drivers that increase
salinity in agricultural soils (Tomaz et al. 2020). Globally, almost
20% of the world's agricultural land is affected by salinity, and pro-
jections suggested that by 2050, up to half of the world's croplands
may be affected by salinisation (Nachshon 2018). Salinisation oc-
curs mainly due to the accumulation of sodium (Na*) and chloride
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(CI") ions such that NaCl can reach 50%-80% of the total soluble
salts in most saline soils (Rengasamy 2010).

Saline stress modifies bacterial community composition both in
bulk (Rath et al. 2019; Zhang et al. 2019; Li et al. 2021) and rhi-
zospheric soil (Szymanska et al. 2018; Yuan et al. 2019; Yukun
et al. 2021; Islam et al. 2022) and inhibits key nitrogen metabo-
lism driven by bacteria (e.g., ammonification, nitrogen fixation,
nitrification and denitrification processes) (Li et al. 2021). This
has important implications for sustainable agriculture as salinity
negatively impacts rhizobia, bacteria that fix nitrogen in a symbi-
otic interaction with legumes. Rhizobia induce the formation of
nodules on the plant roots where they fix atmospheric nitrogen
and provide NH} to their legume partner, while the plant pro-
vides nutrients to rhizobia in the form of carbohydrates (Haag
et al. 2012). Efficient symbiosis under salt stress requires both
partners to cope with osmotic and ionic constraints (Zahran 1999;
Chakraborty and Harris 2022; Hawkins and Oresnik 2022). Host
plants are generally more sensitive to salinity than their rhizobial
partner (Mohammad et al. 1991), and it makes the choice of saline
tolerant cultivars a key factor for legume productivity in soils af-
fected by salinity (Nadeem et al. 2019). Rhizobial strains greatly
vary in growth and survival under salt stress (Roumiantseva and
Muntyan 2015), and the application of tolerant rhizobia improves
the establishment of an effective rhizobium-legume symbiosis
under salinity (Elsheikh and Wood 1995; Zou et al. 1995; Hashem
et al. 1998; Nogales et al. 2002; Bertrand et al. 2015; Roumiantseva
and Muntyan 2015).

Thus, investigation of the genetic basis of salt tolerance in rhizo-
bia is expected to contribute to the selection of symbiotic systems
with adaptative potential to saline soils. The current knowledge
on salt tolerance mechanisms in rhizobia comes mainly from
studies of direct/reverse genetic (Chien et al. 1992; Wei et al. 2004;
Boscari et al. 2006; Miller-Williams et al. 2006; Vriezen et al. 2013)
and on gene/protein expression studies based on the analysis of
the potential of single strains (Dominguez-Ferreras et al. 2006;
Shamseldin et al. 2006; Liu et al. 2014; Lopez-Leal et al. 2014;
Maximiano et al. 2021). Studies conducted to date have revealed
a complex, multilevel salt tolerance mechanism in rhizobia, iden-
tifying the presence of osmoprotectans, such as glycine betaine
(Boncompagni et al. 1999) and trehalose (Reina-Bueno et al. 2012),
which strongly contribute to stress tolerance. The uptake of K* and
the de novo synthesis of compatible solutes (Vriezen et al. 2007)
have been recently linked to osmo-tolerance together with the
modification of the long-chain exopolysaccharides (EPS) (Primo
et al. 2020) and lipopolysaccharides (LPS) (Lloret et al. 1995;
Vriezen et al. 2007). Moreover, other mechanisms, including reg-
ulation of central metabolism, DNA replication and cell division
(elongation factors, DNA ligase, chaperones and cell division pro-
teins) have been shown to play a role in osmotic tolerance (Wei
et al. 2004; Miller-Williams et al. 2006). Collectively, these stud-
ies revealed that osmotolerance in rhizobia is a key example of a
quantitative phenotype influenced by multiple genetic determi-
nants that act as direct contributors and modulators. However, the
relative contribution of different genes or metabolic processes to
the variability of salt tolerance in natural populations remains un-
clear, as does an overall view of salt tolerance mechanisms.

Genome-wide association studies (GWAS) have emerged as pow-
erful tools for linking genetic variation to complex phenotypic

traits (Uffelmann et al. 2021). Though GWAS are typically used
in studies involving eukaryotic organisms, they have been more
recently adapted to predict the multigenic basis of phenotypes in
several bacterial species (Power et al. 2016; Andras et al. 2020).
Similar to the use of GWAS and quantitative trait loci (QTLs)
in plants and animals for breeding new improved varieties and
races, in bacteria GWAS results could be combined with syn-
thetic biology approaches to develop improved strains using
genetic determinants from the pangenome of the species (Yang
et al. 2025). Indeed, this approach has been employed to identify
genetic determinants of antibiotic resistance, biofilm produc-
tion, and virulence factors in several pathogens (Holt et al. 2015;
Lees et al. 2016; Farhat et al. 2019; Hwang et al. 2021).

Alfalfa (Medicago sativa) is a globally significant legume forage
crop valued for its high protein content, contributing over a global
market of ~$25-30 billion (Fortune Business Insights 2025).
However, salinity and drought stresses significantly reduce
global alfalfa yields, with estimated yield losses ranging from
20% to 50% under severe conditions, resulting in billions of
dollars in economic losses worldwide (Qadir et al. 2014; Daud
et al. 2025). These abiotic stresses not only diminish biomass
production but also degrade forage quality, thereby threaten-
ing livestock productivity and the agricultural economy in arid
and semi-arid regions. As with other legume crops, alfalfa pro-
ductivity strongly relies on the nitrogen-fixing symbiotic part-
nership with its symbiotic rhizobium (Sinorhizobium meliloti),
which represents a well-established model for the study of sym-
biosis and nitrogen fixation (Jones et al. 2007). Strains of this
species display a divided genome structure, including a large
megaplasmid harbouring most of the functions for symbiotic
nitrogen fixation and a classical open pangenome, with a large
dispensable gene pool, and extensive transcriptomic differences
(Galardini et al. 2015; Fagorzi et al. 2021; Bellabarba et al. 2010;
diCenzo and Finan 2017; Riley et al. 2023). Such genomic and
transcriptomic diversity reflects into a pattern of quantitative
variation in the symbiotic phenotype with alfalfa, as well as in
metabolic phenotypes (Biondi et al. 2009; Bellabarba et al. 2023).
The divided genome structure has allowed for the construction
of synthetic hybrid strains with replacement of ca. 25%-30%
of the genes (Checcucci et al. 2018), indicating this species is a
good model for bacterial strain amelioration of complex, mul-
tigenic traits (Geddes et al. 2021; Wagner et al. 2024; Kearsley
et al. 2025).

In this study, GWAS analysis was applied to a pool of natural
S. meliloti strains showing different levels of tolerance to NaCl,
aiming to identify the panel of genetic determinants and func-
tions associated with tolerance to NaCl for the development of
future synthetic hybrid strains with increased salt tolerance and
symbiotic nitrogen fixation with alfalfa as tailored microbial in-
oculants to saline agroecosystems.

2 | Methods
2.1 | InVitro NaCl Tolerance of S. meliloti Strains
Strains of S. meliloti were grown on (TY) agar medium (5gl~!

tryptone, 3gl™! yeast extract, and 0.4gl™ CaCl,, 16g1™! bacte-
riological agar) (Beringer 1974) and incubated at 30°C for 48h.
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Then, individual colonies were picked up with a sterile cotton
swab and suspended in 15mL of TY liquid medium. Cell density
was adjusted to OD , =0.1. To carry out the experiment, 125uL
of the bacterial suspension was dispensed in each well of an
empty 96 well microplate. Then, each well was added with 5uL
of 50x Dye Mix A (Biolog, Hayward, CA, USA) and 125 L of 2X
NaCl solutions (0, 0.8, 1.2, 1.6, 1.8, 2M). The final composition of
the medium in each well was 2.5g17! tryptone, 1.5g17! yeast ex-
tract, 0.2gl™! CaCl,, dye MixA 1x (Biolog, Hayward, CA, USA),
and NacCl at different concentrations (OmM, 400mM, 600mM,
800mM, 900 mM, 1M). The initial cell density in the wells was
OD600=0.05. Plates were incubated at 30°C in an OmniLog
Reader (Biolog) for 96h in static conditions. Readings were
recorded for 96h every 15min, and data were analysed using
the OmniLog-PM software (Biolog). The metabolic activities
of strains were recorded as Arbitrary OmniLog Units (AOU),
which represents the area under the kinetic curves. Each con-
dition was performed in triplicate. For each replicate, the AOU
normalised value was calculated as the ratio between the AOU
detected for each NaCl concentration divided by the AOU value
of the control NaCl concentration at 0mM. Data were expressed
as the average of normalised values for each condition.

2.2 | Genome Sequencing and Annotation

All strains were grown to stationary phase at 30°C in TY me-
dium. Total genomic DNA was extracted using cetyltrimeth-
ylammonium bromide (CTAB) method (Perrin et al. 2015).
Short-read sequencing was performed at IGATech (Udine,
Italy) using an Illumina NovaSeqTM 6000 System instrument
with 150-bp paired-end reads. Reads were trimmed with using
Trimmomatic v0.39 (Bolger et al. 2014) and then assembled into
scaffolds using Unicycler v.0.5.0 with default parameters (Wick
et al. 2017). To evaluate the genome assemblies QUAST tool
v.5.0.2 were used (Mikheenko et al. 2018). Genomes were anno-
tated with Prokka 1.14.6 (Seemann 2014). To construct an un-
rooted, core gene phylogeny, the pangenome of the 21 S. meliloti
strains was calculated using Roary 3.11.0 with a percent iden-
tify threshold of 95%. File S1 reports the presence and absence
matrix genes list of S. meliloti pangenome (Page et al. 2015). As
part of Roary analysis, the nucleotide sequences of the 2859 core
genes identified (those found in at least 99% of the genomes)
were aligned and concatenated. The concatenated alignment
was used to construct a maximum likelihood phylogeny (the
bootstrap best tree following 100 bootstrap replicates, as deter-
mined by the extended majority-rule consensus tree criterion)
using RAXML 8.2.4 with the GTRCAT model (Stamatakis 2014).
All phylogenies prepared in this study were visualised with the
online iTOL webserver (Letunic and Bork 2016). Phylogenomic
analysis was performed using the Genome Blast Distance
Phylogeny (GBDP) on Type (Strain) Genome Server (TYGS)
(Meier-Kolthoff and Goker 2019). Briefly, related type strains
were identified via the MASH algorithm and 16S rDNA compar-
isons (Ondov et al. 2016). Pairwise GBDP distances (algorithm
‘trimming’, formula d5) were used to calculate dDDH values
and infer a balanced minimum evolution tree via FASTME
2.1.6.1 (Lefort et al. 2015) with 100 bootstrap replicates, finally
visualised using PhyD3 (Kreft et al. 2017). To identify the cor-
respondence among the scaffolds with putative gene hits and
the chromosome, pSymA and pSymB of the reference S. meliloti

2011 genome, multiple alignments between draft genomes of
MO56(1) or BO21CC and the genome of the reference strain S.
meliloti 2011 (RefSeq assembly GCF_000346065.1) were per-
formed with Mauve 2.4.0 with default parameters (Darling
et al. 2004).

2.3 | Statistical Analysis

All statistical data analysis was conducted using the RStudio
software (R Core Team 2022). Before each statistical analysis,
the Shapiro test was applied to assess the data distribution and
One-way ANOVA on normalised metabolic activities obtained
for the strains used in this study under the different concen-
trations tested (200mM, 400mM, 600mM, 700mM, 800mM,
900mM and 1M) was carried out with the agricolae package.
The Scott-Knott clustering analysis was performed on nor-
malised metabolic activities of strains grown at 400 and 600 mM
NacCl with the library ScottKnott.

2.4 | PhenotypeSeeker Analysis and Mapping
Procedure

The normalised mean values of metabolic activities of strains
assessed in the Biolog experiment at 400 mM and 600 mM NaCl
were used as continuous matrices, with values between 0 and 1.
The FASTA genome sequences of the 49 S. meliloti strains and
the obtained matrices were used as input to count all k-mers (set
to 13 nucleotides) for each dataset (i.e., for each NaCl concen-
tration). In the filtering step, k-mers found in fewer than two
samples or absent from fewer than two samples (‘-min 2-max 2’;
default) were discarded. A correction for clonal population struc-
ture was applied. For each dataset, the k-mers were then tested
for associations with the salt tolerance phenotypes using the
weighted Welch two-sample t-test. K-mers with a p value higher
than 0.05 were automatically discarded. The genome position of
808 k-mers (p value=1.07e'4, 1.11e7* and 1.01e713) obtained at
600mM NaCl was detected using the R package Biostrings (ver-
sion 2.54; Pages et al. 2017). In line with PhenotypeSeeker, only
k-mers aligned without mismatches or gaps on the positive or
negative strand of the genome reference were considered. Four
rules were followed to transform the absolute positions of k-mers
into relative ones, based on genomic annotations, described in
detail in Bellabarba et al. (2021). The relative positions of k-mers
were used to determine the coordinates of predicted protein-
coding sequences (CDS) and to identify regulatory regions as-
sociated with these k-mers. Specifically, k-mers with a relative
position of 0 were used to extract CDS coordinates, while those
with relative positions between —600 and 0 were used to map
regulatory regions (Galardini et al. 2011).

2.5 | Phenotype Microarray Analysis

The S. meliloti BO21CC, MO56(1) and RU11/001 strains were
inoculated into PM1 and PM2 plates to test growth on different
carbon sources, at both 0mM NaCl and 300 mM NacCl. The com-
plete list of assayed compounds is reported here: https://www.
biolog.com/products/metabolic-characterization-microplates/
microbial-phenotype/#table. Bacterial strains were grown on
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TY agar medium (Beringer 1974) and incubated at 30°C for
48h. Then, colonies were picked up with a sterile cotton swab
and suspended in 12mL of M9 (6g1™* Na,HPO,, 3gl™' KH,PO,,
0.5g1™! NaCl, 1gl™! NH,Cl, 4.1uM biotin, 42nM CoCl2, 1mM
MgSO,, 0.25mM CaCl,, 38uM FeCl,, 5uM thiamine-HCI).
Cell density was adjusted to OD,,,=0.1. M9 media to test the
condition of salt-stress were obtained with the addition of NaCl
to a final concentration of 300mM. Inoculation fluid for each
plate and for each condition tested (PM1 and PM2; 0mM and
300mM) was obtained by diluting the cellular suspension for
each strain 10 times in M9 or M9 supplemented with 300 mM
NaCl and adding 1x Dye Mix A (Biolog). Finally, the inoculation
fluid was dispensed into PM plates (100 uL/well). In each PM
plate, a negative control with no carbon source was inoculated.
PM plates were sealed with Breath-easy gas permeable mem-
brane (Sigma-Aldrich) to avoid fluid essiccation and incubated
without shaking in the Omnilog Reader (Biolog). The OmniLog
System recorded colorimetric changes in each well over time,
resulting from tetrazolium dye reduction, and generated time-
course curves that reflected the ability of the tested strains to
utilise each specific substrate. Readings were taken over 96h at
30°C every 15-min intervals.

The data generated by the Omnilog-PM software (version OM_
PM_109M) were filtered, and the areas under the kinetic curves
were extracted as indicators of metabolic activity. Based on the
maximum values obtained from the negative controls across all
plates and conditions tested, carbon sources with an area below
13,000 were considered inactive and excluded from further anal-
yses. Since the Phenotype Microarray analysis is well-known
as a very precise and highly repeatable technique, no techni-
cal replicates were carried out (Johnson et al. 2008; Dunkley
et al. 2019; Fagorzi et al. 2020).

3 | Results

3.1 | Genomic Diversity and Phylogenetic
Clustering of Sinorhizobium meliloti Strains
Indicate a Regional Genomic Distinction of Field
Isolates

Twenty-one S. meliloti strains, previously reported (Bellabarba
etal. 2023), were characterised by genome sequencing (Table S1).
Most of these strains were isolated from the Fleuris site (W.
Oran), characterised by a moderately saline soil. Exceptions
include strains SO14(2) and SO9(2), which were isolated from
the saline soil of Oued Sebbah (W. d’Ain Témouchent), and the
strain SS19(1), isolated from the moderately saline soil of Es
Senia (Oran). The assemblies showed an average coverage of
209%, with genome size ranging from 6.454.551bp (MO53(2))
to 6.818.496bp (MO19) (mean size: of 6.631.753bp) and an av-
erage GC content of 62.2% (range: 62.11% in MO25(1) to 62.31%
(MO53(2)) (Table S2)). In addition, 28 well-characterised refer-
ence S. meliloti strains from established collections, and whose
genomes were available, were included to expand the North
Africa field-isolate panel for subsequent genomic and pheno-
typic analysis (Table S3).

Digital DNA:DNA hybridization ({DDH) was performed using
16 type strains of closely related Sinorhizobium/Ensifer species

(Fagorzi et al. 2020). Clustering yielded 16 species groups, with
all the query strains assigned to the S. meliloti cluster (File S1).
Genome Blast Distance Phylogeny (GBDP) confirmed that all
the isolates belong to the S. meliloti species (Figure S1, File S1)
(Fagorzi et al. 2020).

A pangenome analysis of the 49S. meliloti strains identified
29,054 total genes: 2859 core genes (present in all genomes),
1268 soft-core genes (present in 95%-99% of genomes), 3514 shell
genes (present in 15%-94% of genomes), and 21,413 accessory
genes (present in <15% of genomes) (Figure 1A and File S2). An
unrooted core gene phylogeny tree of the 49 S. meliloti strains
and a hierarchical clustering of the 26,195 dispensable genes (ac-
cessory, shell and soft-core) revealed consistent clustering across
methods (Figure 1B,C and Figure S1).

A clear distinction between the S. meliloti field isolates and most
of the other strains was observed; out of 28S. meliloti strains
from established collections only 6 (KH35c, GR4, CCMM B554,
BO21CC, H1 and 1A42) appear in clusters together with the
field isolates, as shown in the phylogram based on GBDP anal-
ysis (Figure S1), where the field strains were subdivided in at
least two main clusters. Similarly, in the phylogenetic tree based
on core genes the number of S. meliloti strains from collection
closely related to the field ones was reduced to five collection
strains (all except H1; Figure 1B); while the field strains were
subdivided in four clusters. In the accessory genes hierarchical
clustering, the S. meliloti field isolates were more compacted in
two main clusters with only three collection strains (CCMM
B554, BO21CC and KH35c; Figure 1C).

Comparing the strains SM15(1), SO14(2) and SO9(2), originating
from the same M. sativa cultivar (Seriver) but from a different re-
gion (Wileya d'Ain Témouchent), no co-clustering was observed
between SM15(1) and SO14(2) in any of the phylogenomic recon-
structions. However, a greater phylogenomic proximity between
SM15(1) and S09(2) was observed.

3.2 | Sinorhizobium meliloti Strains Showed a
High Phenotypic Variability in Sodium Chloride
Tolerance

The same panel of 49 S. meliloti strains (Tables S1 and S3) was
screened for their metabolic activity on seven different concen-
trations of NaCl (200mM, 400mM, 600 mM, 700mM, 800 mM,
900mM and 1 M) with respect to a salt-free control (Figure 2A).
Significant differences among strains in metabolic activities
were observed at all tested concentrations (Table S4).

All the strains tested thrived well at a concentration of 200 mM
NaCl with a Metabolic Activity Reduction (MAR) ranging from
3.7% (MA13(2)) to 21.7% (A0641M). At 800mM, 900mM and
1M NaCl, a great reduction of metabolic activity (more than
80%) was observed for all the strains. The NaCl concentrations
of 400mM, 600 mM and 700 mM showed a more scaled distribu-
tion of the strains tested, ranging from 17.2% (MO53(2)) to 54.7%
(RU11/001) at 400 mM, from 41.9% (SM15(1)) to 86.7% (Rm41) at
600mM, and from 62.6% (SM15(1)) to 89.1% (RMO17). The MAR
at 400 and 600mM was distributed in a range between 37.5%
and 44.8%, respectively.

40f 17

Microbial Biotechnology, 2026

85USD17 SUOLULIOD AERID) @|geatidde U Aq peuAob a1 BRI YO ‘38N JO S3IN. 10} AR1q 1T BUIIUO AB]IM UO (SUORIPUOD-PUR-SWLSY 0D AB] 1M ARRIq1BUIIUO//SHNY) SUORIPUOD PUe SWS L U3 39S [9202/S0/TT] U0 A%iqIT 8UIUO AB|IM BURISIS 8ZUS11H 1Q BISPAIUN AT YOE0L STEL-TSLT/TTTT OT/I0P/WO00™A8 1M ARe.q]1 U UO'S UINO 0.0 10 IAUS//SARY WO1) Pepeojumod ‘T ‘9202 ‘STELTSLT



2859 (9.84%)

21413 (73.7%)

Pangenome statistics
Accessory genes

‘ Core genes

. Shell genes

. Soft core genes

o g
z o £ &
= 12 3
B SO EEE N
R 2258 8 5 &
2 B < [ N
% % = & &
%, & &
%
v ® ’&\
(4
S
N
"o,v W
2 ®
Ruz, ‘Ao-mk’l\
Ca3gy, Wotst)
5A14 ss19(1)
AE608H SM15(1)
541N
A0BA M°25(1)
aw "
)
o
) Mo,
pee* 3 ?8/,,
e "'04(
A 5 9
?‘£~ 4
& 2
& 0 >
N <.
y < o
Q"o § %,-)y ©

LVONY

a
)
=
a
]
=]

Tree scale: 0.001 #——st

—_F

o
=4
)
s
©
o > [
2
o < <C
s o
<87 &g
(=)
2 ¥ 22 g T
ko) Lo 0]
@ <0 .
I - o
o S = &
” z 28
s &
= =
& s z
8 o 3
b =
2 - =3c
=853
& o3
ag’ ==
Q=
=
FIGURE1 |

©
<
~®
o x5 < ®©
=2 O~
= - — X |5
= Iy -
= T <50
= < O N o
5EZ @ 28 N
u:%E 3 > J9 0~
o » )
< < >
o

cg
¥ 0
® 0
[e}e]
==

Pangenomic analysis and phylogeny of the Sinorhizobium meliloti strains used in this work. (A) Pangenome pie chart showing the

number of the core, soft core, shell and accessory genes. (B) Unrooted core gene phylogeny obtained using a concatemer of 2859 genes. (C) Clustering

of the dispensable genome based on 26,195 genes. The Algerian field strains were highlighted in bold.

Scott-Knott clustering analysis further resolved these differ-
ences. Six groups were identified at 400mM (Figure 2B). The
better performing groups (A400 and B400) with less than 25%
MAR comprised 17 strains, 12 of them were field isolates. At
600mM the best performing groups (MAR <50%) were A600,
B600 and C600 accounting for 12 strains, eight of which were
field strains. Differently, at 400mM NacCl, nine out of 15 low-
performing strains were collection strains, while at 600 mM low
performing strains were more equally distributed (7 out of 15)
among the collection and field groups. Strains that showed the
lowest performance in the presence of NaCl are both collection
strains: Rm41 and RU11/001.

Notably, most of the strains showing a higher metabolic activ-
ity in NaCl presence are mostly the same at 400 and 600 mM
(Figure S2A,B, in orange). Among these, S. meliloti SS19(1)
was the sole strain isolated from a non-saline soil (Table S1).
All the other high-performing field strains were isolated from
moderately saline soils, while the two strains SO14(2) and
S09(2) isolated from saline soil showed intermediate and

low-performing phenotypes, respectively. Moreover, these
two strains were isolated from a different Medicago sativa cul-
tivar (Seriver), from which the high-tolerant strain SM15(1)
was obtained.

Considering the distribution of high and low tolerant strains,
no direct correlation emerged with their phylogenetic distribu-
tion or their accessory genome composition (Figures 1, 2 and
Figure S2A,B). Field strains were present in high and low-
performing groups, whereas collection strains were evenly
distributed with a predominance for intermediate and low tol-
erance. Collection strains with the best performance (BO21CC,
KH35c and GR4, Figure S2A) were those phylogenetically closer
to field strains (Figure 1B,C and Figure S1) when considering
both the dispensable and core genome. Conversely, CCMM B554,
despite its phylogenetic proximity to high performing strains
(e.g., MO56(1) and BO21CC; Figures 1B and Figure S1) and clus-
tering with them in accessory genome space (Figure 1C), exhib-
ited only intermediate or low tolerance at 400 and 600 mM NaCl
(Figure 2).
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FIGURE 2

Legend on next page.

Mean values of metabolic activity at 600mM NaCl
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FIGURE 2 | Sinorhizobium meliloti strains metabolic activity on increasing concentration of NaCl (0mM, 200mM, 400 mM, 600 mM, 700mM,
800mM, 900mM and 1M). (A) In the Heatmap, the reported data were normalised mean values for each condition. Each condition was performed in
triplicate. For each replicate, normalised value was calculated as of the ratio of the AOU on the average value of AOU detected at the concentration
of 0mM of the related strain. Hierarchical clustering with complete linkage of S. meliloti strains was reported. Statistical difference among S. meliloti
strains for salt resistance phenotype at (B) 400mM NacCl and (C) 600 mM NaCl. Different bars colours and letters indicate statistically significant
clustering based on the Scott Knott tests (p value <0.05). For each condition, the dots indicate the mean values, while the vertical lines indicate
the standard deviation. For each strain, the dots indicate mean values of normalised metabolic activity, and the vertical lines indicate the standard

deviations.

3.3 | Genome-Wide Association Highlights
Candidate Genes and Regulatory Regions Linked to
Salt Tolerance

To identify genes that might be responsible for salt tolerance
in the 49 different S. meliloti strains, we performed a k-mer-
based GWAS analysis using the tool PhenotypeSeeker (Aun
et al. 2018; Bellabarba et al. 2021). As input, we used the ge-
nomic sequences of the S. meliloti strains used in this study
and the phenotypic matrices, gained with the in vitro salt
screening. The normalised mean values of metabolic activi-
ties detected at 400 and 600 mM NaCl were employed, since
these concentrations showed the widest phenotypic variation
(Figure 2, Figure S2, and File S3).

The GWAS identified k-mers significantly associated with salt
tolerance for both the phenotypic matrices used (i.e., 400 and
600mM NacCl) (p<0.05, Table S5). Notably, a larger amount of
total k-mers significantly associated with salt tolerance (p value
<0.05) was obtained for phenotypes measured at 600 mM NaCl
(for consistency) (Table S5). Considering the large variability
responses to salt stress shown by strains at 600mM (range of
mean metabolic activities =0.58-0.13), and the larger number of
clustering groups gained with the Scott Knott test (Figure 2C,
File S3), the dataset of k-mers obtained with the salt tolerance
phenotype at 600mM NaCl was then chosen for the following
genomic mapping analysis.

Among the most significant k-mers identified in 600mM
NaCl dataset (p value <5.00e7%%, File S4), 808 k-mers (p
value=1.07e4, 1.11e7'* and 1.01e"1'3, File S4 in bold) were ex-
clusively found in genomes of five strains—MO028(1), MO26(2),
MO53(2), MO56(1) and BO21CC—which showed a reduction
of metabolic activity lower than 50% at 600mM and that be-
longed to Scott Knott cluster B (Figure 2C, File S4 in bold). Top
k-mers mapped on the genomes of MO28(1), MO26(2), MO53(2),
MO56(1) and BO21CC identified a total of 219 predicted protein-
coding sequences (CDSs), of which 71 orthologous genes
(File S5).

The distribution of the candidate function of these ortholo-
gous gene hits was uneven among five strains (Figure S3A,C).
Most of the gene loci were tracked in S. meliloti MO56(1) and
BO21CC genomes (isolated from Algeria and Italy, respec-
tively) (Figure S3A,C). A strong enrichment for COG category
G (Carbohydrate transport and metabolism) was observed
(Figure S3A, Table 1 and Table S5). Additional enriched
COG groups were: C (Energy production and conversion), H
(Coenzyme transport and metabolism), and K (Transcription)
(Figure S3A, Table 1, Tables S5 and S6).

The most represented orthologous gene groups were related
to cell wall organisation and lipopolysaccharide biosynthesis,
identifying a putative D-inositol-3-phosphate glycosyltrans-
ferase (COGO0438; mshA) and UDP-N-acetyl-D-glucosamine
6-dehydrogenase (COGO0677; wbpA), but also Carbohydrate
and Galactose metabolism as hinted by a putative UDP-glucose
4-epimerase (COG10881; galE1) (Figure S3A, Table 1). Also,
a putative autoinducer 2 import system LsrABD, involved in
quorum sensing and AI-2 transport system, was frequently pin-
pointed (COG1129, COG1172, COG1879) (Figure S3A, Table 1).
Further, orthologous genes codifying for ATP-dependent DNA
ligase LigD (COG1793), engaged in DNA recombination and
repair, were repeatedly found in strains M0O26(2), MO53(2) and
MO56(1) (Figure S3A, Table 1).

The genes common to MO56(1) and BO21CC were those of the
Isr operon, galE1 and mshA (Figure S3A and Table 1). However,
most of the candidate functions were exclusively identified in one
of the two strains (Figure S3A and Table 1). In BO21CC genome,
candidate functions possibly involved in salt tolerance were re-
lated to carbohydrate metabolism (COG0406, COG3957), spe-
cifically, peptidoglycan transport and degradation (COG0477,
COGO0583), sorbitol biosynthesis (COG0673), glycogen biosyn-
thesis (COG0296) and gluconeogenesis (COG0406) (Figure 3A,
Table 1). Interestingly, orthologous genes encoding for trehalose
synthase-amylase TreS involved in trehalose metabolic process
(COG0366) and cyclic glucan synthase NdvB involved in cyclic-
glucan synthesis enhanced under hypo-osmotic conditions
were also detected (COG3459) (Figure 3A, Table 1) (Griffitts
et al. 2008). Other predicted functions of some of the gene hits
identified were related to lipid metabolism and fatty acid bio-
synthesis (COG0183, COG033, COG1028, COG3321), aromatic
hydrocarbons catabolism (COG0684, COG1012, COG0596) oxi-
dation-reduction process (COG2055, COG0644), potassium ion
transport (COG3158), purine metabolism (COG0516), aromatic
amino acid biosynthesis (COG0757) and Acetyl-CoA biosynthe-
sis (COG0280) (Figure 3A, Table 1).

In the strain MO56(1) genome, some orthologous gene hits
codify functions related to arabinose transport system
(COGO0395), glycolate biosynthesis (COG0546), fructose me-
tabolism (COG2303), and in general multiple sugar transport
(COG1175) were found (Figure 3A, Table 1). Moreover, a puta-
tive ABC-type glycerol-3-phosphate transport system UgpBC
(COG1653, COG3839) involved in glycerol transmembrane
transport was identified (Figure 3A, Table 1). Interestingly,
a putative putrescine-pyruvate aminotransferase (COG0161)
and an ABC-type spermidine-putrescine transport system
(COG3842), respectively engaged in putrescine catabolic pro-
cess and in spermidine—putrescine transmembrane transport,
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TABLE1 | Listof functions putatively involved in defining salt resistance at 600 mM NaCl.
Class COGID Annotation Biological process
C C0OG0280 Phosphate acetyltransferase Pta Acetyl-CoA biosynthesis
COGO0546 Phosphoglycolate phosphatase Gph Carbohydrate metabolism
(Glycolate biosynthesis)
COG0644 Electron transfer flavoprotein- Oxidation-reduction process
ubiquinone oxidoreductase (Electron transport chain)
COG1012 2-formylbenzoate dehydrogenase Aromatic hydrocarbons catabolism
COG1902 N-ethylmaleimide reductase NemA Xenobiotic metabolic process
COG2055 Putative oxidoreductase Oxidation-reduction process
(Galacturonate utilisation)
E COGO0757 3-dehydroquinate dehydratase AroQ Aromatic amino acid biosynthesis
COG3842 Spermidine/putrescine import Spermidine - Putrescine
ATP-binding protein PotA transmembrane transport
EGPR COG0477 Anhydromuropeptide permease Cell wall organisation,
peptidoglycan transport
EH C0OG0028 Acetolactate synthase Branched-chain amino acid biosynthesis
isozyme 3 large subunit
F COGO0105 Nucleoside diphosphate kinase Ndk Nucleoside triphosphates biosynthesis
COGO0516 Inosine-5’-monophosphate Purine metabolism
dehydrogenase
G COG0296 1,4-alpha-glucan branching Glycogen biosynthesis
enzyme GlgB
COGO0366 Trehalose synthase/amylase TreS Trehalose metabolic process
(Glycogen metabolism)
COGO0395 L-arabinose transport system Carbohydrate transmembrane transport
permease protein (Uptake of arabinooligosaccharides)
COG1129/C0OG1172/COG1879 Autoinducer 2 import system ATP- AI-2 transports system (Quorum sensing)
binding protein LsrA, LsrB and LsrD
COG1175 Inner membrane ABC Multiple sugar transmembrane transport
transporter permease protein
COG1653/COG3839 glycerol-3-phosphate-binding Glycerol-3-phosphate
periplasmic protein UgpB and UgpC transmembrane transport
COG1682 Polysialic acid transport protein Polysialic acid transmembrane transport
COG0406/COG2971/ Acid phosphatase Gpm2 (or Fructose- Carbohydrate metabolism
COG3957/COG3459 1,6-bisphosphatase)/Glucosamine
kinase GspK/Xylulose-5-phosphate
phosphoketolase XpkA/Cyclic
beta-(1,2)-glucan synthase NdvB
H COG0001 Glutamate-1-semialdehyde Porphyrin-containing
2,1-aminomutase HemL compound metabolism
COGO0161 Putrescine - pyruvate Putrescine catabolic process
aminotransferase SpuC
COG2227 Ubiquinone biosynthesis O- Ubiquinone biosynthesis (Hyperosmotic
methyltransferase UbiG salinity response in E. coli)
(Continues)
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TABLE1 | (Continued)
Class COGID Annotation Biological process
HR COG0596 3-oxoadipate enol-lactonase 2 Aromatic hydrocarbons catabolism
(Beta-ketoadipate pathway)
I COGO0183 Acetyl-CoA acetyltransferase Fatty acid degradation
COG0331/COG1028 Malonyl CoA-acyl carrier protein Lipid metabolism, fatty acid biosynthesis
transacylase FabD and FabG
COG0446 Hydrogen cyanide synthase Biosynthesis of secondary
subunit HcnB metabolites/Glycine dehydrogenase
(cyanide-forming) activity
IR COG2303 Fructose dehydrogenase large subunit Fructose metabolism
J COG0024 Methionine aminopeptidase Proteolysis
COG0088 50S ribosomal protein L4 RplD rRNA binding in 50S assembly
COG0684 4-carboxy-4-hydroxy-2- Aromatic hydrocarbons catabolism
oxoadipate aldolase
K COG0583/COG1737/COG2188 HTH-type transcriptional Regulation of peptidoglycan
regulator PgrR, MurR and NagR degradation/N-acetylmuramic acid
catabolic process/N-acetylglucosamine
transport and utilisation
COG1508 RNA polymerase sigma-54 DNA-binding transcriptional initiation
factor 2 RpoN2 (Nitrogen fixation)/Nitrogen metabolism
L COG1793 Multifunctional non-homologous DNA recombination and repair
end joining protein LigD
COG4973 Tyrosine recombinase XerC Cell cycle and division/
Chromosome partition/DNA
integration and recombination
M COG0438/COG0677 D-inositol-3-phosphate Cell wall organisation/
glycosyltransferase/UDP-N-acetyl- Lipopolysaccharide biosynthesis
D-glucosamine 6-dehydrogenase
COG1088 UDP-glucose 4-epimerase Carbohydrate metabolism
(Galactose metabolic process)
o COG0492 Thioredoxin reductase Cell redox homeostasis (Removal
of superoxide radicals)
COGO0526 Thiol-disulfide oxidoreductase ResA Cytochrome c maturation
P COG3158 Low affinity potassium transport Potassium ion transport
system protein Kup
Q COG1228 Uncharacterized putative protein Nucleotide metabolism
COG3321 Narbonolide/10-deoxymethynolide Fatty acid biosynthesis
synthase PikA2, modules 3 and 4
R COG0673 Glucose-fructose oxidoreductase Gfo Carbohydrate metabolism
(Sorbitol biosynthesis)
T COG1409 3’,5'-cyclic adenosine monophosphate Cell wall modification
phosphodiesterase CpdA
U COG4789 Invasion protein Bacterial secretion system
X CO0G2826 1S30 family transposase ISRle2 Transposition

Note: COG description of gene hits identified by 670 top k-mers (p value=1.07e~4, p value=1.11e"* and p value=1.01e~13) in the most salt-resistant strains at
concentration of 600mM (M0O28(1), MO26(2), MO53(2), MO56(1) and BO21CC). Function and annotation are reported according to the annotation performed with
Prokka in this work.
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FIGURE 3 | Metabolic activities on carbon sources of S. meliloti NaCl-R* strains (BO21CC and MO56(1)) and NaCl-R~ (RU11/001) strains at
0mM and 300mM NaCl. (A) The metabolic activities were expressed and reported as the area of the kinetic curves inferred for each condition tested.
Hierarchical clustering with complete linkage of S. meliloti strains was reported. Kinetic curves of NaCl-Rt (MO56(1) and BO21CC) and NaCl-R~
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ity values are reported on the y-axis, incubation times on the x-axis.

were also tagged in MO56(1) (Figure 3A, Table 1). Other pre-
sumed functions of some gene hits identified were related to
cell redox homeostasis (COG0492), proteolysis (COG0024),
cell wall modification (COG1409), transcriptional regulation
of genes involved in N-acetylglucosamine transport and utili-
sation (COG2188) and N-acetylmuramic acid catabolic process
(COG1737), nucleoside triphosphate biosynthesis (COG0105)
and ubiquinone biosynthesis (COG2227) (Figure 3A, Table 1).
Among the CDSs tagged by the best k-mers, predicted protein-
coding sequences (CDSs) with no assigned function were also
identified (File S5).

Several gene clusters with the same functional annotation of
gene hits were found in the pangenome across strains. Matching
the presence-absence matrix of gene clusters of pangenome
analysis (File S2) with k-mers tagged gene hits (File S5), we
observed that each k-mers-tagged gene hit identified in our
GWAS belonged to single gene clusters. Gene hits more fre-
quently tagged by k-mers were common to several strains of
our populations (Table S8). These gene loci were different al-
lelic forms carrying several SNPs tagged by k-mers that might
be responsible for different salt resistance phenotypes. Other
gene hits found in our analysis were genes uniquely found in
MO56(1) or BO21CC (Table S9), as presence-absence within
our population. Indeed, it is well known that k-mers allow to
capture of a large set of genetic variants in a population, as sin-
gle nucleotide polymorphisms (SNPs) and insertions/deletions
(indels) (Lees et al. 2016).

To explore regulatory elements, we considered as promoter se-
quence the hits mapping within 600 nucleotides upstream of the
CDS start (Galardini et al. 2011; Bellabarba et al. 2021). A total
of 146 best k-mers pinpointed 71 regulatory regions (File S6) in
BO21CC and MO56(1). Most of the regulatory region hits (52)
were associated with CDSs with no assigned function (File S6).
Other were associated with genes encoding proteins whose func-
tions were related to carbohydrate and galactose metabolism
(COG3957, COG0406, COG0546, COG1088), putrescine catabo-
lism (COG0161) DNA recombination and repair (COG1793), cell
wall organisation (COG0381), lipopolysaccharide biosynthesis
(COG0677) and aromatic hydrocarbons catabolism (COG0757,
COGO0596, COG0446) (Figure S3B; Tables S5 and S7).

3.4 | Replicon-Level Distribution of k-Mer-Tagged
Loci Associated With Salt Tolerance

To uncover the distribution of k-mers along replicons and their
contribution in salt tolerance (i.e., replicons where k-mers-tagged
gene hits and regulatory regions were located) multiple align-
ment was performed with the draft genomes of MO56(1) and
BO21CC to the genome of the reference strain Sinorhizobium
meliloti 2011.

In both strains, most of the genes associated with the salt toler-
ance mechanism were found on scaffolds corresponding to the
2011 chromosome replicon (Figure S4A,B). In MO56(1), 62.5%
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of genes were located on scaffolds that corresponded to the
2011 chromosome replicon and pSymB megaplasmid (31.25%
each, Figure S4A), 18.75% of genes on pSymA, while the re-
maining 18.75% on scaffolds showing no clear correspondence
(Figure S4A). In BO21CC, 34.78% of gene loci were pinpointed
on scaffolds corresponding to the chromosome, while only
27.75% and 8.70% of loci were found on scaffolds corresponding
respectively to pSymA and pSymB (Figure S4B). Concerning
the regulatory region, scaffolds with a higher number of gene
loci for salt tolerance were related to the corresponding chromo-
some in MO56(1) (33.3%) and BO21CC (42.9%) (Figure S4C,D).

3.5 | Salt-Tolerant Strains Showed Broader
Abilities in Carbon Sources Exploitation

To ascertain the involvement of carbohydrates in salt-stress
tolerance mechanisms, the metabolic activities of salt-tolerant
and salt-sensitive strains were recorded on different carbon
sources both in presence and absence of salt (0mM NaCl and
300mM NaCl). To avoid excessive stress to cells, the salt stress
condition was tested at the concentration of 300mM NaCl since
the Phenotype Microarray analysis on PM1 was conducted in
M9 minimal medium without the addition of carbon sources
(Checcucci et al. 2018). The strain BO21CC and the strain
MO56(1) were selected as NaCl resistant strains (NaCl-R*) (be-
longing to groups A400 and B600; Figure 2B,C, Figure S2 and
File S4), while RU11/001 was chosen as NaCl-R~ strain (groups
F400 and 1600; Figure 2B,C, Figure S2 and File S4).

The salt tolerance threshold was considered as the maximum
area under the kinetic curves of the negative controls across all
tested conditions (Table S10). Carbon sources with an area below
13,000 AOU were rejected on the basis that such responses re-
flected a lack of metabolic activity by the strains on those carbon
sources (File S7).

Overall, NaCl-R* strains MO56(1) and BO21CC showed
broader catabolic capacities than the NaCl-R~ strain RU11/001
(Table S11). In salt-free conditions, out of 190 sources tested, the
strains MO56(1) and BO21CC utilised 108 and 94 carbon sources
respectively, while RU11/001 only utilised 86 (Table S11). In the
presence of 300mM Nacl, the spectrum of used carbon sources
decreased for all strains: 61 and 58 sources for MO56(1) and
BO21CC, and 53 sources for RU11/001 (about 57%, 62% and
62% of sources normally catabolised, respectively) (Table S11).
According to the different classes, in the presence and ab-
sence of NaCl, most sources used as carbon sources by all three
strains were carbohydrates, followed by carboxylic acids and
amino acids (Table S11, Figure 3A and Figure S5). Instead, all
three strains do not utilise amine and amide as carbon sources
(Table S11, Figure S5).

Focusing on carbohydrate metabolism, at 0OmM NaCl the
NaCl-R* strains showed higher metabolic activities than the
NaCl-R~ strain and were able to grow on a wider variety of
carbohydrates (Figure 3A). Despite the general reduction of
metabolic activities in all strains at 300mM NaCl, differences
in growth abilities in presence of salt were more pronounced
between the NaCl-R* and NaCl-R~ strains for most of the car-
bohydrate sources (Figure 3A). Considering common carbon

sources (48) in tolerant and non-tolerant strains we observed
that for half of them (25 compounds) the salt-tolerant strains
retain a high metabolic activity in presence of 300mM NaCl
(Figure 3A). Specifically, these compounds were L-arabinose,
D-galactose, N-acetil-D-glucosamine, Gentibiose, D-thehalose,
D-mannose, D-mannitol, D-arabitol, {-methyl-D-xyloside,
D-melibiose, Maltotriose, Turanose, a-D-glucose, Sucrose, L-
rhamnose, Maltose, L-fucose, D-cellobiose, Adonitol, a-methyl-
D-galactoside, f-methyl-D-glucoside, m-inositol, D-Arabinose,
D-tagatose, Melibionic acid.

Under salt stress, the extent of decrease in metabolic activities
varied across the different carbohydrates tested (Figure 3). In
most cases, although all the strains showed comparable kinetic
curves at 0omM NacCl, when grown at 300mM, the growth ki-
netics decreased for the NaCl-R~ strain. This indicated that
salt stress affected the catabolic capacities of NaCI-R~ for those
sources (as for a-D-glucose, Sucrose, D-cellobiose, Glycerol,
D-trehalose and Turanose, and others reported in Supporting
Informations—File S8). This trend is particularly evident in
growth Kkinetics for L-arabinose, D-arabinose, D-galactose
and N-acetyl-D-Glucosamine (Figure 3B-E) and D-tagatose
(File S8), where under salt stress the NaCIl-R~ greatly lost its
metabolic activities compared to NaCl-R*, suggesting that the
catabolism of these sources was probably implicated/involved in
salt tolerance.

4 | Discussion

Climate change is driving significant shifts in global agricul-
ture, particularly in regions affected by increasing salinity in
soils. In saline soils, rhizobia can be greatly affected in terms of
survival and efficiency in establishing the symbiosis (Bellabarba
et al. 2019). Therefore, the major challenge for future agricul-
tural applications is to improve their capacities to adapt to harsh
conditions (Viti et al. 2021). S. meliloti is agriculturally import-
ant and serves as a model for dissecting rhizobial diversity and
nitrogen fixation. This species displays a high level of genomic
diversity, with various strains demonstrating unique stress toler-
ance traits that can impact their interaction with the host plant
(Bellabarba et al. 2019). Here we elucidated the putative genetic
and metabolic bases of salt tolerance in S. meliloti, obtaining
findings that highlighted a complex interplay between genetic
diversity and adaptive features, underscoring the multifactorial
nature of salt tolerance in S. meliloti.

Our comparative genomic analyses revealed that the field
strains formed a distinct cluster, both in core-gene phylogeny
and accessory genome composition. This pattern indicates a
clear geography-related genetic divergence, which appears to
have shaped S. meliloti populations through environmental
pressures and evolutionary events, as previously reported by
Toro et al. (2017).

A few collection strains, however, clustered with the field iso-
lates, notably CCMM-B554, BO21CC and KH35c, originat-
ing from Morocco, Italy, and France, respectively (Galardini
et al. 2013; Sugawara et al. 2013; Kazmierczak et al. 2017).
Despite the genetic divergence, which may reflect regional
adaptation or historical separation among these bacterial
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populations, the phenotypic analysis of salt tolerance did not
mirror the genomic clustering. As a result, the geographically
related pattern appeared less pronounced. Although most
strains tolerant of high salt stress belonged to the field isolates
group, the latter showed a heterogeneous distribution, with
several strains exhibiting an intermediate or weak phenotype,
as well as the collection strains. Otherwise, all the other high-
performing strains were isolated from moderately saline soils,
including SO14(2) and SO9(2), those showing the respectively
intermediate or low-performing phenotype. This implies that
salt tolerance is not solely determined by the phylogenetic lin-
eage of the strains but rather by the presence of specific adaptive
mechanisms. It is probable that distinct adaptation mechanisms
have developed in different S. meliloti populations to impart salt
tolerance in response to the wide range of soil conditions (with
differing salinity levels) inhabited by these bacteria. The lack
of association between phylogenetic distance and salt tolerance
underlines the flexibility of rhizobia adaptation to environmen-
tal stress, possibly due to horizontal gene transfer events, but
also to convergent evolution (Cardoso et al. 2015). Our findings
confirm and further support previous reports indicating that
salt-tolerant strains are not necessarily derived from saline soils
(Talebi et al. 2008; Thrall et al. 2009).

Phenotypic assays indicated that the metabolic activity of the
S. meliloti strains tested remained high up to 200mM NacCl,
but a significant decline was observed at concentrations rang-
ing above 800mM. The optimal tolerance range of the strains
was determined among 400 and 700mM NacCl, where distinct
variations were evident. Similar findings have been previously
reported: S. meliloti and S. medicae isolates from marginal soils
affected by salinity and drought in arid and semi-arid regions of
Morocco exhibited a broad tolerance range, from 171 to 1711 mM
NaCl (Elboutahiri et al. 2010).

Considering this heterogenous pattern of NaCl tolerance and the
lack of complete coincidence between genome-wide relatedness,
geographical origin and salt tolerance, we applied GWAS to pin-
point the genetic determinants associated with salt tolerance
features. The analysis at 600mM identified numerous k-mers
significantly related to salt tolerance. Previous studies suggested
that bacterial adaptation to environmental stressors, such as sa-
linity, could be driven by horizontal gene transfer (HGT), regu-
latory changes, and polygenic interactions (Cardoso et al. 2015).

Most of the k-mers generated in GWA analysis pinpointed
gene loci located on the two strains BO21CC and MO56(1).
The reduced number of k-mers-tagged genes on other strains
(M028(1), M026(2), MO53(2)) or even the lack of identifying k-
mers-tagged genes on other salt-resistant strains is possibly due
to the cutoff used for the k-mers selection, suggesting that more
genes could be linked to this phenotype. Moreover, we observed
that most of the gene loci identified in our analysis were genes
allelic versions enriched in SNPs of orthologous genes common
to other strains with different salt tolerance phenotypes. This
evidence might indicate that our GWAS association was mainly
driven by SNPs tagged by k-mers, and that these SNPs are possi-
bly differentiating salt-tolerant and sensitive strains.

Many significant k-mers were associated with the Isr operon
that is possibly associated to an AI-2 quorum sensing (QS)

system, the galE1 gene which is encoding for a UDP-glucose
4-epimerase and mshA encoding for a D-inositol-3-phosphate
glycosyl transferase. The coexistence of multiple orthologous
genes for galE1, mshA and Isr within our population and multi-
ple genic allelic variants within each orthologous group suggests
that some of them may have evolved strain-specific functions
through SNPs diversification. However, considering their orig-
inal function these loci are associated to mechanisms possibly
relevant to salt adaptation. The function of the AI-2 QS system in
bacterial communication, biofilm formation, and stress adapta-
tion is well known (Zhang et al. 2022). QS-mediated control may
help coordinate gene expression in response to osmotic stress,
by establishing a protective milieu that lessens direct exposure
to osmotic stress (Zhu et al. 2021). In E. coli, AI-2-promotes
cells auto aggregation which in turn increases stress toler-
ance (Laganenka et al. 2016) Moreover, biofilm development
has been demonstrated to improve bacterial viability in high-
salinity environments (Haque et al. 2022). Notable is also the
role of GalE: it contributes to exopolysaccharides (EPS) and lipo-
polysaccharides (LPS) biosynthesis, which support cell surface
integrity and resilience to osmotic stress (Culligan et al. 2012).
Exopolysaccharides are particularly important for preserving
cell hydration and creating protective biofilms that can lessen the
impact of elevated salt concentrations. Modifications to the bac-
terial cell envelope and/or extracellular matrix composition may
be significant adaptive mechanisms in saline conditions. GalE
is connected to the interconversion of UDP-galactose and UDP-
glucose, besides its role in membrane modification UDP-glucose
is also a key player in salt stress tolerance, as it is a precursor of
the osmoprotectant trehalose (Giaever et al. 1988). Interesting
queries concerning the regulatory networks controlling stress
responses in S. meliloti are brought up by the possible synergy
between AI-2 QS and galEI in salt adaptation. There may be a
connection between quorum sensing and the increase of galEI-
mediated polysaccharide synthesis, as AI-2 QS has been linked
to the regulation of polysaccharide biosynthesis and biofilm for-
mation in other bacterial species (Zhang et al. 2022).

Our GWAS also identified hits in genes associated with biological
process as ‘cell wall organization, lipopolysaccharide biosynthe-
sis’ and ‘peptidoglycan transport’ consistent with prior evidence
that cell wall structure influences survival under osmotic stress
(Vriezen et al. 2007). The survival of rhizobia strains during des-
iccation and rewetting is influenced by cell wall fragility, with
weak points identified at flagellar emergence sites (Bushby and
Marshall 1977). Structural alterations in the cell wall have been
observed under osmotic and salt stress, including the downreg-
ulation of the murACG operon (Dominguez-Ferreras et al. 2006)
and the involvement of genes associated with cell wall in sur-
vival during desiccation, such as a putative D-Ala-D-Ala ligase
(Vriezen et al. 2006). The salt-tolerant Sinorhizobium sp. BL3
strain exhibited a constant expression of the protein synthesis-
related genes ortholog to SMc00868 (ATP synthase subunit B)
and SMc02942 (peptidoglycan-associated lipoprotein precursor)
under high salinity conditions compared to normal conditions
(Tanthanuch et al. 2010). Under salt stress, predominant changes
were observed in LPS I compared to LPS II in both the wild-type
Rhizobium sp. ST1, a fast-growing, salt-sensitive strain with a
narrow host range isolated from Cajanus cajan nodules, and its
Tn5 mutant, which is exopolysaccharide-deficient (exo~) (Unni
and Rao 2001).
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Furthermore, the accumulation of compatible solutes, such as
certain carbohydrates, is a well-known and widespread strat-
egy to counter osmotic stress (da Costa et al. 1998). Early reports
on disaccharides as osmoprotectants and glucan biosynthe-
sis in S. meliloti are present (Ingram-Smith and Miller 1998;
Gouffi et al. 1999). Glucan biosynthesis is stimulated by neu-
tral solutes, such as trehalose and glycine betaine (Ingram-
Smith and Miller 1998). The production of cyclic glucans by
ndvA and ndvB genes decreases with increasing osmolarity,
and the expression of those genes is normally downregulated
when osmolarity increases, suggesting a role in NaCl-mediated
survival during desiccation (Vriezen et al. 2007). Normally,
trehalose accumulates in stressed bacteria, particularly in
osmo-stressed rhizobia, where it helps protect against desic-
cation by preserving membrane integrity during both drying
and rehydration. Its presence may account for the enhanced
desiccation survival observed during the stationary phase and
when cells are exposed to NaCl (Vriezen et al. 2007). Actually,
several k-mers were associated with genes linked to trehalose:
a transport system permease in MO56(1) and a synthase in
BO21CC. On the contrary, no hits on the bet system, involved
in glycine betaine transport and biosynthesis, known to con-
tribute to osmotic tolerance in S. meliloti, were found (Boscari
et al. 2006). Concerning the bet system, the genes of this sys-
tem have been found to show variability in a collection of salt-
tolerant strains of S. meliloti from the north Aral Sea region
(Muntyan and Roumiantseva 2022), including the presence of
additional copies of some of them on the pSymA megaplasmid.
However, bet genes are involved not only in osmotolerance but
are also required for symbiotic interactions in bacteroid osmo-
protection (Boscari et al. 2006). It is not surprising that no hits
were detected in our GWAS since their variability could also
be linked to different host plant genotypes or neutral varia-
tion. Another gene common to both BO21CC and MO56(1) was
mshA, which catalyses the transfer of an N-acetyl-glucosamine
moiety to 1D-myo-inositol 3-phosphate in the pathway of
mycothiol biosynthesis. It has been shown that mycothiol is
crucial for the maintenance of intracellular redox balance in
Mycobacterium smegmatis (Miller et al. 2024); however, other
genes for mycothiol biosynthesis do not seem to be present in
these two strains. Therefore, it is reasonable to take into ac-
count that this gene may have a different and still unknown
function in S. meliloti.

Plants secrete a wide array of different carbon compounds in
the rhizosphere (amino acids, sugars, organic acids, and some
secondary metabolites), releasing up to 20%-40% of their pho-
tosynthetic fixed C through root exudates which play different
roles in bacteria metabolisms (Badri et al. 2009; Pini et al. 2017).
Many genes' hits were associated with COG categories related to
carbohydrate metabolism. Indeed, it is well known that under
growth-limiting conditions, carbon sources are stored as gly-
cogen, which may help restore cell volume following osmotic
shock. This is further supported by the observation that genes
involved in glycogen metabolism, such as glgA2, glgB2 and
glgX, are expressed at higher levels when exposed to osmotic
stress, suggesting that glycogen accumulates during such stress
(Vriezen et al. 2007). As previously discussed, under saline
stress, cells preferentially accumulate compatible solutes, such
as carbohydrates (e.g., sucrose, trehalose, maltose) and amino
acids (e.g., glutamate, proline). While some solutes are absorbed

from the environment, making transmembrane transport sys-
tems essential, others, such as sucrose and trehalose, are pri-
marily synthesised de novo and may be accumulated not just
as osmotic stabilisers but also to prevent starvation (Vriezen
et al. 2007).

The role of carbon sources in Sinorhizobium salt tolerance was
then further investigated using Phenotype Microarray. Salt-
tolerant strains showed broader capabilities in exploiting the
number of possible carbon sources. We observed that the salt-
tolerant strains retain a high metabolic activity in the presence
of 300mM NaCl for half of the carbon sources, including L-
arabinose, D-galactose, sucrose, trehalose and sugar alcohols—
many of which are abundant in M. sativa root exudates (Koo
et al. 2005; Ramachandran et al. 2011; Wang et al. 2019). These
sugars not only sustain bacterial growth under stress but also
feed into EPS production and biofilm formation, further enhanc-
ing survival. However, salinity affects the growth of tolerant
and sensitive strains to different extents. Therefore, it remains
difficult to determine whether the limited differences observed
in sugar utilisation truly reflect a role in saline tolerance, or
instead it's merely a consequence of differential growth inhibi-
tion under osmotic stress. Furthermore, a number of exogenous
sugars, especially disaccharides, function as osmoprotectants
by promoting the build-up of glutamate and other suitable sol-
utes without being catabolised. The interpretation of Phenotype
Microarray data may be complicated by strain-specific osmopro-
tective mechanisms that affect metabolic profiles under salt.

In summary, our study reveals a high genetic and phenotypic
variation of S. meliloti with respect to salt stress. GWAS high-
lighted that multiple pathways (possibly synergistic), such as
QS-AI2 mediated regulation and cell surface modifications
(galEI), may then contribute to salt tolerance in S. meliloti.
These discoveries not only advance our knowledge of microbial
adaptability to osmotic stress, but they may also have applica-
tions in enhancing the robustness of the symbiotic relationship
between legumes and rhizobia in saline soils.

These insights provide a framework for selecting or engineering
rhizobial strains with enhanced salt tolerance (linked to carbo-
hydrate metabolism, cell wall modification and QS-regulated
stress responses) as tailor-suited bioinoculants for saline
environments.
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