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Abstract

Medicago truncatula is a model legume species used to investigate plant-microorganism interactions, notably root
symbioses. Massive population genomic and transcriptomic data now available for this species open the way for a
comprehensive investigation of genomic variations associated with adaptation of M. truncatula to its environment.
Here we performed a fine-scale genome scan of selective sweep signatures in M. truncatula using more than 15 million
single nucleotide polymorphisms identified on 283 accessions from two populations (Circum and Far West), and ex-
ploited annotation and published transcriptomic data to identify biological processes associated with molecular adap-
tation. We identified 58 swept genomic regions with a 15 kb average length and comprising 3.3 gene models on average.
The unimodal sweep state probability distribution in these regions enabled us to focus on the best single candidate gene
per region. We detected two unambiguous species-wide selective sweeps, one of which appears to underlie morphological
adaptation. Population genomic analyses of the remaining 56 sweep signatures indicate that sweeps identified in the Far
West population are less population-specific and probably more ancient than those identified in the Circum population.
Functional annotation revealed a predominance of immunity-related adaptations in the Circum population.
Transcriptomic data from accessions of the Far West population allowed inference of four clusters of coregulated
genes putatively involved in the adaptive control of symbiotic carbon flow and nodule senescence, as well as in other
root adaptations upon infection with soil microorganisms. We demonstrate that molecular adaptations in M. truncatula
were primarily triggered by selective pressures from root-associated microorganisms.

Key words: selective sweep, SNP, linkage disequilibrium, Medicago truncatula, transcriptomics, root, nodule, next gener-
ation sequencing.

Introduction Boitard et al. 2009). In parallel, genome annotation projects

Exploring the fine scale genomic signatures of natural selec-
tion is now possible thanks to massive species-scale single
nucleotide polymorphism (SNPs) discovery through next
generation sequencing. In a population, a selective sweep is
the local genomic signature of fixation or near fixation of
highly favorable, adaptive mutations together with linked
neutral mutations (Nielsen 2005). In this context, statistical
population genetics methods have been developed in the
past decade to identify candidate genomic regions and
genes targeted by selective sweeps in a population using
SNPs data. These methods can be classified into two
groups: Methods based on 1) the length and structure of
haplotypes, measured by extended haplotype homozygosity
and derived statistics (Sabeti et al. 2002; Voight et al. 2006)
and 2) the properties of the site frequency spectrum (Kim and
Stephan 2002; Jensen et al. 2005 Nielsen et al. 2005;

allow for functional predictions about observed gene models.
Therefore, selective sweep genome scans combined with
functional annotation should evidence for biological func-
tions and pathways targeted by positive selection.

The species Medicago truncatula is a plant genomic model
for the study not only of root symbioses with N-fixing bacteria
and arbuscular mycorrhizae (Jones et al. 2007; Parniske 2008;
Young et al. 2011) but also of root pathogen infections
(Vailleau et al. 2007; Djébali et al. 2009; Samac et al. 2017;
Ben et al. 2013). To perform Genome Wide Association
Studies and other genome scans based on polymorphism
data, more than 280 accessions representative of M. trunca-
tula natural genetic variation (Ronfort et al. 2006) were se-
quenced using lllumina technology by the Medicago
truncatula HapMap Project (medicagohapmap.org/, last
accessed April 23, 2015), thereby producing high-resolution
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SNP polymorphism data (Branca et al. 2011; Stanton-Geddes
et al. 2013). At the same time, a high-quality M. truncatula
genome of the reference genotype (A17) was published
(Young et al. 2011). From these data a first genome-wide
analysis of selection was performed on more than 20,000
annotated genes for 56 M. truncatula accessions, using
dN:dS, MK, and D+H summary statistics (Paape et al. 2013).
Based on this early study, approximately 1% of M. truncatula
genes harbor signature of positive selection, whereas =~ 75%
of the genes are apparently subject to strong purifying
selection.

In this work, we have chosen to focus on the identification
of selective sweeps in M. truncatula using a hidden Markov
model (HMM) algorithm (sweep HMM) which makes use of
the full site frequency spectrum and the spatial pattern of
diversity along chromosomes, rather than classical summary
statistics of genetic diversity (Boitard et al. 2009). We per-
formed a whole-genome scan with ultrahigh SNP density,
namely with 1 SNP each 30bp on average, with more than
15 million SNPs identified in a collection of 283 M. truncatula
accessions with the Mt3.5 reference genome version. To
reduce false-positive signals, we took into account the
M. truncatula population structure into two groups previ-
ously identified with genetic data (Ronfort et al. 2006;
De Mita et al. 2011; Bonhomme et al. 2014). The “Far West”
(FW) population is geographically restricted to the extreme
west of Mediterranean basin (Spain, Portugal, Morocco, and
west Algeria), whereas the other population called “Circum”
(C) has a large geographic distribution throughout the
Mediterranean basin with only few occurrences in the ex-
treme west. The historical divergence of these two popula-
tions is unclear, but it seems that M. truncatula has
undergone demographic expansion (Branca et al. 2011)
from glacial refuges located both West and East of the
Mediterranean basin (Ronfort et al. 2006; De Mita et al.
2011). However, the geographic regions spanned by these
two populations do not show contrasted abiotic environ-
ments (Thompson 2005; De Mita et al. 2011). Our genome
scan for selective sweeps, combined with gene annotation as
well as gene expression data analyses, identified a set of genes
under strong positive selection which clearly demonstrates
the molecular adaptation of M. truncatula especially in the
context of biotic interactions.

Results and Discussion

Population Genomic Features of M. truncatula
Sweeps

Selective sweep inference was performed on two M. trunca-
tula populations (FW and C) using the sweep HMM algo-
rithm (Boitard et al. 2009). We detected 58 regions in the
M. truncatula genome showing specific features of selective
sweeps such as lower minor allele frequencies (MAF) and
recurrent high frequencies of the derived allele compared
with the ancestral allele (fig. 1; supplementary data S1,
Supplementary Material online). Concomitantly, these
regions also showed a severe loss of genetic diversity: The
average expected heterozygosity—H.—was significantly
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lower in swept regions (0.09 and 0.06 for FW and C, respec-
tively) than in genome-wide regions of the same size (0.16 and
0.14, for FW and G, respectively; t-test: P < 2.2 x 10~ ° for both
populations). The posterior probability of a given SNP to be in
sweep state in these regions exceeds 0.99 (fig. 1 and supple-
mentary fig. S1, Supplementary Material online). These regions
are defined by 32,049 SNPs (i.e, 6,266, 1,430, 9,448, 2,271, 5,855,
1,724,4,111,and 944 SNPs on chromosomes 1-8, respectively).
It should be noted that the power to detect a selective sweep is
linked to the proportion of missing data (i.e, coverage) in a
given region, as chances to detect rare alleles are higher for low
proportions of missing data (high coverage). We indeed found
that all swept regions identified with sweep HMM algorithm
showed a higher coverage (73.3 and 147.9 genotypes called on
average for FW and G, respectively) than the genome-wide
average (63.5 and 122.8; t-tests: P=3.4 x 10~ "®and 2 x 10 '
for FW and C population, respectively). Among the 58 candi-
date regions, two were common to both FW and C popula-
tions, on chromosomes 1 and 3, whereas 34 and 22 sweeps
were detected specifically in FW and C, respectively (fig. 1).
Assuming a genome size of 400 Mb for M. truncatula, one
selective sweep signature was detected each approximately
7Mb of M. truncatula genome, on average. All predicted
gene models in sweep windows were extracted according to
the Mt3.5 M. truncatula genome version, leading to 190 can-
didate genes—including 29 predicted transposable ele-
ments—potentially targeted by selective sweeps in M.
truncatula (41, 11, 50, 17, 26, 17, 24, and 4 genes on chromo-
somes 1-8, respectively, supplementary data S2,
Supplementary Material online). In the following sections,
the recently released Mt4 genome version of this gene list
was used as reference (and presumably improved) annotation.

The average number of gene models per 10kb of swept
region (25+SD=1.1) was significantly higher (t-test,
P=69 x 10~7) than the genome-wide average of 1.7 genes
per 10kb estimated in Young et al. (2011). The average
number of gene models in a swept region was 3.3
(&SD =1.8) for the whole species sample. This number was
higher in the FW population (3.6 SD=2) than in the C
population (2.9 4 SD = 1.4), but the difference between the
two populations was not significant (Wilcoxon Rank Sum
test, P=0.22). The average length of a swept region was
14.9kb (£ SD =9.5kb) for the whole species sample. Again,
it was higher in the FW population (16 kb= SD = 10.8) than
in the C population (13.2 4= SD = 7.1), but the difference was
not significant (Wilcoxon Rank Sum test, P=0.61). These
findings suggest that swept regions in M. truncatula are en-
riched in coding sequences by reference to a genome-wide
average, and that they show similar gene density and genomic
length across populations. Interestingly, the estimated aver-
age sweep length of ~15-16kb was higher, though of the
same order, as the average genomic linkage disequilibrium
(LD) decay of ~10kb estimated for M. truncatula genome
(Branca et al. 2011). This illustrates the erosion of a selective
sweep signature beyond such physical distances.

Although LD is mostly influenced by genome-wide neutral
processes such as recombination rate and genetic drift, selec-
tive sweeps can also strongly affect local LD, depending on
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Fic. 1. Genome scan of selective sweeps in the two Medicago truncatula populations. The left part of the figure displays the posterior probability (y axis)
to be in sweep state along each of the eight chromosomes (c1-c4 and c5-c8), for each population (FW in black and C in brown). The x axis indicates
the chromosomal position, in Mb. The right part of the figure corresponds to zooms of the corresponding genomic positions indicated by arrows, in
each population. These graphics represent the population frequency of 1) the minor allele for SNPs with unknown ancestral allele (black) and 2) the
derived allele for SNPs with known ancestral allele (red). Red bars indicate the selective sweep window. The expected heterozygosity (H,) is shown by the
blue curve. The two uppermost graphics in the right part highlight a common selective sweep window among populations whereas the two lowermost
graphics highlight a selective sweep identified only in one population (here in the C population).

selection intensity. We used the r* and D' measures to esti-
mate LD in swept regions and in genome-wide regijons of the
same lengths. First, we compared genome-wide LD between
FW and C populations for regions of the same lengths
(fig. 2A), and found almost complete positive correlation be-
tween average LD in the two populations (r = 0.9999822 and
0.9999854 with r* and D' measures, respectively). Linear re-
gressions of average r” and D' values of population FW against
population C estimated slopes below 1 (0.80 and 0.81 for
and D/, respectively; fig. 2A) indicating that effective popula-
tion size (Ng) in FW is 1.25 (1/0.8)-fold larger than effective
population size in C. This ratio is consistent with that esti-
mated from the number of SNPs in each population (1.35; see
Materials and Methods for Watterson'’s theta) or the propor-
tion of pairwise differences between individuals in each
population (see the average genome-wide H, in fig. 3). The
contrasted intercepts of these linear regressions (0.05 and 0.15
for ¥* and D/, respectively) most likely result from a coverage
difference (i.e, a different proportion of genotypes called for a

given SNP) between the two populations, which has more
impact on D’ than on 1. Indeed, D' is expected to show
higher values when rare alleles are missing. Second, compar-
isons of average LD in swept and genome-wide regions of the
same length clearly showed that LD was higher in swept re-
gions, both in the FW population (t-tests; P=826 x 10~ '°
and 1.69 x 10~ " for r* and D/, respectively; fig. 2B) and in the
C population (t-tests; P =0.0014 and 5.49 x 10~ for r* and
D', respectively; fig. 2C). These results are consistent with the
fact that selective sweeps generally tend to increase LD (Kim
and Nielsen 2004) although different and sometimes opposite
effects might be observed depending on the phase of the
sweep and the position of the selected locus in the sweep
region (McVean 2007). Finally, to evaluate the level of popu-
lation specificity of the sweeps identified, we compared
within each population the genome-wide LD with LD in
regions swept in the other population (fig. 2D and E).
In the FW population we found that LD was higher in
the regions that have swept in the C population than in
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Fic. 2. Levels of LD in swept and genome-wide regions in Medicago truncatula populations. We estimated average r* and D’ measures of LD in swept
regions and genome-wide regions of the same length, in both M. truncatula populations. (A) Correlation of average genome-wide LD between the FW
and C populations (the dotted lines show the linear regressions). (B) comparison of average LD in swept and genome-wide regions of the same length in
the FW population, and in the C population (C). (D) For the FW population, comparison of genome-wide LD with LD in regions swept in the C
population. (E) For the C population, comparison of genome-wide LD with LD in regions swept in the FW population. In (B)—(E), the solid line indicates

the section of equal average LD.

genome-wide regions (t-tests; P =2.55 x 10> and 1.4 x 10~ *
for r* and D/, respectively; fig. 2D). The same was found in the
C population (t-tests; P =0.0042 and 5.48 x 10~ for r* and
D', respectively; fig. 2D). These results clearly indicate that
sweeps in a given population tend to leave an LD signature
in the other population; in other words, sweeps identified in
each population tend to be shared among populations
and are thus not specific.

To further investigate this issue, we also explored genetic
diversity and differentiation in swept and genome-wide re-
gions for both populations using H, and the FLK statistics.
This latter statistic is related to Fg, but accounts for the phy-
logenetic structure of populations and for genetic drift differ-
ences between populations, by estimating a population
kinship matrix (Bonhomme et al. 2010). For each population,
we plotted FLK against H, values for each swept region, by
distinguishing swept regions identified in FW, C, and in both
populations (fig. 3). We observed that FLK values in swept
regions of population C tend to be higher than the genome-
wide average and show high H, values in the FW population,

2100

suggesting that these regions are more population-specific.
In contrast, FLK values in swept regions of population FW are
not very high compared with the genome-wide average and
show low H, values in the C population, suggesting that these
swept regions are less population-specific (fig. 3). One hy-
pothesis that could explain this difference is that selective
sweeps in FW are more ancient and thus more likely to be
shared between populations, whereas selective sweeps in C
could be more recent and thus limited to this population. The
estimated effective population size differences (ratio of 1.25)
between populations may be related to these contrasted pat-
terns of sweep specificity. Indeed, the genomic signature of a
sweep is related to the age of this sweep in N, units, the time
scale at which coalescence events occur. Thus, sweeps de-
tected in FW and C are likely equally old in this rescaled
unit, and consequently older in FW when measured in gen-
erations, due to the larger population size. However, no single
significant FLK value was found in the sweeps regions, even
the more specific ones detected in the C population (P values
were all above 0.01). This confirms that the sweeps detected
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Fic. 3. Levels of genetic diversity (H.) and genetic differentiation (FLK) in swept and genome-wide regions in Medicago truncatula populations. We
estimated average H, and FLK (Bonhomme et al. 2010) values in swept regions identified in each population. For each population, we plotted FLK
against H, values for each swept region, by distinguishing swept regions identified in FW, C, and in both populations (see the color code in the figure).
Solid lines indicate the genome-wide averages of H, and FLK, in each population.

in this analysis were not due to divergent adaptation between
populations, as suggested by the LD analysis.

Identification of Molecular and Biological Functions
Underlying Sweeps

We observed that the posterior probability of sweep state
along a swept region was unimodal and that the highest
posterior probability was located in or close to the middle
of each swept region (supplementary fig. S1, Supplementary
Material online). This means that selective sweeps in M. trun-
catula seem to follow a classic model in which positive selec-
tion targets one causal gene variant (the adaptive gene)
whereas noncausal variants at neighboring genes undergo
genetic hitchhiking with symmetrical intensity. Selective
sweep simulations have shown that the middle of the
region with lowest nucleotide diversity is not always centered
on the site targeted by selection, but this phenomenon is
more pronounced in populations with small effective sizes
(Kim and Stephan 2002). Given that M. truncatula popula-
tions have most probably experienced demographic expan-
sion thereby involving high effective sizes, we chose to analyze
the subset of 58 candidate gene models associated with all
maximum posterior probabilities to be in sweep state. This
subset of candidate genes included eight transposable ele-
ments, and the predicted functions of several annotated
genes suggest roles in perception and adaptation to environ-
ment (receptor genes and signaling), epigenetic plasticity

(DNA maodification, DNA repair), transport, cell organization
(cytoskeleton) but also primary metabolism (table 1 and sup-
plementary data S3 for more details, Supplementary Material
online). It is interesting to note that none of the identified
swept regions contained tandem clusters of genes of the same
family, which are highly frequent in M. truncatula genome
(Ameline-Torregrosa et al. 2008; Young et al. 2017; Nallu et al.
2014; Trujillo et al. 2014). Consequently, we do not exclude
the possibility that gene families and/or tandem clusters exist
within or very close to some swept regions, but missed during
the Mt4.0 annotation.

The identification of a sweep concerning a DNA topoisom-
erase | coding gene (Medtr3g114150) could well illustrate
morphological adaptation at the species level. Indeed, two
co-orthologs of this gene are present in Arabidopsis thaliana
and a mutant analysis demonstrated that they play important
roles in plant morphogenesis, notably in leaf and flower ini-
tiation (Takahashi et al. 2002). Therefore, it is likely that pos-
itive selection has acted on an ancient loss-of-expression (no
evidence of expression from RNAseq and microarray data) or
loss-of-function variant of DNA topoisomerase | gene, result-
ing in the strong morphological variation currently observable
throughout M. truncatula distribution area (Bonnin et al.
20071; Julier et al. 2007; Espinoza et al. 2012). Adaptive loss-
of-function mutations have already been identified in plant
genes involved in flower color, flowering time, and disease-
resistance (reviewed in Siol et al. 2010).
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Table 1. Medicago truncatula Best Candidate Gene Models for Selective Sweep (Mt4 genome version).

Gene Model (Mt4) Pop

Mt4 Gene Annotation

Functional Class Classification (Mercator)

Proposed Classification

Medtr1g104850 FwW
Medtr3g116250 FW
Medtr5g099170 FW
Medtr7g088830 FW
Medtr7g112870 C

Medtr5g005450 FW

Medtr3g041560 C
Medtr7g071940 C
Medtr3g114150 Fw/C
Medtr2g008640 W
Medtr4g123600 C
Medtr1g012370 FW/C
Medtr1g082570 FW
Medtr3g117490 FW
Medtr4g122000 FW
Medtr1g007060 FwW
Medtr2g101360
Medtr3g080260
Medtr3g086440
Medtr4g127630
Medtr4g130820
Medtr7g098800
Medtr7g111160
Medtr3g055370
Medtr5g078780
Medtré4g127660
Medtr4g006000
Medtr1g102010
Medtr3g071440
Medtr2g021720
Medtr3g060660
Medtr3g117420
Medtr5g009110
Medtr1g086070
Medtr3g114070
Medtr7g099880
Medtr8g032340
Medtr3g086570
Medtr5g096860
Medtr1te012110
Medtr1te019330
Medtr2te020490
Medtr3te022330
Medtr3te056140
Medtr3te083220
Medtr7te061430
Medtr8te045990
Medtr1g031590
Medtr1g101990
Medtr3g080630
Medtr7g078170
Medtr8g020400
Medtr5g091560
Medtr6g005250 C

Serine/threonine kinase
Phosphatidylinositol 4-kinase alpha
Calcium-binding EF hand-like

Cam interacting protein
Serine/threonine-protein phosphatase PP1
Cysteine-rich receptor-kinase-like
Leucine-rich receptor-like kinase
NBS-LRR type disease-resistance

DNA topoisomerase |
ATP-dependent_DNA _helicase_PIF1?
DNA methyltransferase, putative
AFG1-family ATPase

DNA excision repair protein ERCC-1
Zinc finger CCCH domain protein
Nucleic acid-binding-like

Exosome complex exonuclease RRP46
Proteinaceous RNase P

Nodulin MtN21/EamA-like transporter
Zinc induced facilitator-like
Metaxin-like protein, putative

Cyclic nucleotide-gated ion channel-like
Drug resistance transporter-like ABC
Organic solute transporter ostalpha
Enhanced downy mildew (EDM2)
CCAAT-binding factor

Actin filament bundling

SDA1-like protein
Phosphogluco-mutase

UDP-glucose pyrophosphorylase
Transmembrane protein, putative
Paramyosin

20G-Fe(ll) oxygenase family
Cytochrome P450 family 97

Cysteine desulfhydrase

Glutathione S-transferase-related
Nuclear pore complex Nup205-like
Signal recognition particle receptor FtsY
Growth regulator-like
Armadillo/beta-catenin-like repeat
Pol-like polyprotein%2Fretrotransposon
Reverse transcriptase

Transposable element

Gag-Pol polyprotein_2F_retrotransposon
Transposable element

Copia-like polyprotein_2F_retrotransposon
Transposable element

Transposable element
O-fucosyltransferase family

GDP-fucose protein O-fucosyltransferase
HAT_family_dimerization_domain®
RIC1-like

Animal MPPE1-like

Hypothetical protein

Hypothetical protein

Signaling.receptor kinases
Signaling.phosphinositides
Signaling.calcium

Signaling.calcium
Protein.postranslational modification
Signaling.receptor kinases.DUF 26
Stress.biotic.PR-proteins
Stress.biotic.PR-proteins
DNA.synthesis / chromatin structure
DNA.unspecified

RNA.regulation of transcription

NA

RNA regulation of transcription

NA

NA

RNA processing.ribonucleases
Pentatricopeptide (PPR) repeat

NA

Transport.sugars
Development.unspecified

Transport nucleotide/Ca regulated channel
Transport ABC.and multidrug resist systems
NA

RNA regulation of transcription
Development.unspecified
Cell.organization.cytoskeleton.actin.binding
NA

Glycolysis.plastid branch.(PGM)

NA

Protein.synthesis.ribosomal.60 S subunit.L34
NA

Hormone metabolism.ethylene
Misc.cytochrome P450

NA

NA

NA

Protein.targeting.chloroplast
Hormone metabolism.auxin.regulated
Armadillo/beta-catenin repeat family
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Signaling

Signaling

Signaling

Signaling

Signaling

Receptor

Receptor

Receptor

DNA maodification
DNA modification
DNA modification
DNA repair? (UV-response)
DNA repair
DNA/RNA binding
DNA replication
RNA processing
RNA processing
Transporter (WAT1/auxin)
Transporter
Transporter (mitochondria)
Transporter
Transporter
Transporter
Transcription
Transcription
Cytoskeleton
Cytoskeleton
Primary metabolism
Primary metabolism
Ribosome constituent
Membrane protein
Hormone synthesis
Carotenoid pathway
Cysteine degradation
Oxidative stress
Nuclear trafficking
Protein targeting
NA

NA

Transposition
Transposition
Transposition
Transposition
Transposition
Transposition
Transposition
Transposition

NA

NA

NA

NA

NA

NA

NA
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Table 1. Continued

Gene Model (Mt4) Pop

Mt4 Gene Annotation

Functional Class Classification (Mercator)

Proposed Classification

Medtr6g015240 C Hypothetical protein
Medtr6g057610 FW Hypothetical protein®
Medtr6g057790 FW Hypothetical protein

Medtr7g005960 C

Hypothetical protein

NA NA
NA NA
NA NA
NA NA

?Genes with Mt3.5 annotation (unavailable Mt4 annotation). More details on this gene list are provided in supplementary data S3, Supplementary Material online.

Table 2. Functional Classes Significantly Affected by Selective Sweeps in Medicago truncatula Populations.

Functional Class (Mercator) Pop Sample Genome P value® Gene GO Terms KEGG Pathway
Freq. Freq. Model (Gene Module)
Cell organization cytoskeleton FW 1 4 0.004 Medtr4g127660  Growth 1 —
actin binding
Glycolysis plastid branch PGM FW 1 4 0.004  Medtr1g102010 — (3) Sugar and nucleotide metabolism
Hormone metabolism ethylene FW 1 22 0.019  Medtr3g117420 — (4) —
synthesis or degradation
Protein synthesis ribosomal protein FW 1 1 0.006  Medtr2g021720  Structural (2) —
eukaryotic 60S subunit L34 molecule
Signaling phosphoinositides FW 1 17 0.025 Medtr3g116250 Symplast (1) Phosphatidylinositol signaling inositol
phosph metabolism
Transport cyclic nucleotide or C 1 25 0.011  Medtr4g130820 — Plant—pathogen interaction
calcium regulated channels
Protein targeting chloroplast C 1 43 0.023  Medtr8g032340 — Protein export
RNA regulation of transcription— C 1 22 0.011  Medtr4g123600 — —

DNA methyltransferases

*Bin significance was corrected with an FDR threshold of 5%.

Several annotated gene functions predict a role in plant-
microbe interactions and are particularly enriched in the list
of swept genes identified in the Circum population (see
table 1, and population-specific Gene Ontology (GO) terms
in supplementary fig. S2, Supplementary Material online). In
this population, 5 of 22 (23%) swept genes seem to be con-
nected to immunity. First, a cyclic nucleotide-gated ion chan-
nel-like- CNGC -protein (Medtr4g130820) was assigned to the
KEGG pathway “plant—pathogen interaction” and belongs to
the functional class “transport cyclic nucleotide or calcium-
regulated channels” which was significantly overrepresented
in the swept gene list (table 2). Members of the CNGC family
have indeed been reported to be involved in plant immunity,
particularly AtCNGC11 and 12 (Yoshioka et al. 2006; Moeder
et al. 2011). In addition, we identified an NBS-LRR type dis-
ease-resistance protein (Medtr7g071940) and a leucine-rich
receptor-like kinase protein (Medtr3g041560) that are recep-
tors involved in response to biotic stress (table 1).
Interestingly, we also identified the “enhanced downy
mildew protein”—EDM2 (Medtr3g055370, AT5G55390). In
A. thaliana, EDM2 is required for disease-resistance against
Hyaloperonospora parasitica, through direct or indirect regu-
lation of the RPP7 (NBS-LRR) gene (Eulgem et al. 2007).
Finally, we identified a drug-resistance transporter-like ABC
domain protein (Medtr7g098800) also assigned to the GO
term “death” (supplementary fig. S2, Supplementary
Material online). In fact, one homolog of this gene in
A. thaliana, PEN3/PDR8 (AT1G59870), was shown to contrib-
ute to nonhost resistance through exporting toxic materials

to attempted invasion sites of pathogens that enter by direct
penetration—that is, Blumeria graminis, Plectosphaerella
cucumerina, Erysiphe pisi, and Phytophthora infestans (Stein
et al. 2006). In another study, the loss of PDR8 was shown to
cause hypersensitive response-like cell death (Kobae et al.
2006).

Expression of Swept Genes Reveals Potential Role in
Interaction of Roots with Symbiotic Organisms

Medicago truncatula is a legume model for studying root—
microbe mutualistic interactions with the nitrogen-fixing
Rhizobia or with arbuscular mycorhizae (Jones et al. 2007;
Parniske 2008). These interactions result from adaptation pro-
cesses likely to have involved selective sweep events associ-
ated with genes expressed in the roots. To investigate this,
expression of swept genes was examined by mining a large
array-based transcriptomic data set available not only on root
tissues colonized with either symbiotic or pathogenic mi-
crobes but also on aerial organs. This analysis was carried
out on swept genes uncovered within the FW population
since transcriptomic data mostly derived from the A17 line,
which belongs to this population. Data were recovered from
27 of 34 (80%) swept genes and clustered into four distinct
gene modules (fig. 4). In order to investigate selection
strength, that is to pinpoint the putative main targets of
selection in each module, we focused on genes associated
with swept regions of size higher than the mean selective
sweep size (i.e, 16 kb) in the FW population (fig. 5).
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Fic. 4. Expression data clustering of genes under selective sweep in Medicago truncatula FW population. Rows represent the expression profile (from
Affymetrix technology) of 27 gene models identified as being subjected to strong positive selection in the FW population. Columns represent the
different selected conditions (RT, root; Nod, nodule; LCM, laser capture microdissection; cort, cortical cells; arbus, cells colonized by arbuscules; adj,
adjacent cells; Aph, Aphanomyces euteiches; 4w, 4-week plant; Ico, lipochitooligosaccharides). As indicated in the bottom of the figure most gene
expression profiles were measured on the A17 reference genotype belonging to the FW population, with the exception of Naut1 (Nt1) and Sals4 (SI4)
wild genotype, inoculated with Sals B (SIB) and Sals C (SIC) Sinorhizobium meliloti genotypes. These two genotypes were not assigned to any of the two
populations, but they carry the high-fitness variant at all genes (data not shown). Expression values were normalized among conditions and among
genes. The resulting color code indicates highly expressed genes in yellow and weakly expressed genes in dark blue. Hierarchical clustering was
performed with Euclidean distance and the Ward'’s agglomeration criterium, which minimizes the total within-cluster variance.

The largest module, Module 1, corresponds to genes pref-
erentially expressed in root tissues colonized with arbuscular
fungus (Glomus intraradices—renamed Rhizophagus irregu-
laris), in the infection zone of nodule (zone 2) and upon
infection with the root-knot nematode Meloidogyne incog-
nita, in giant cells and gall tissues (fig. 4). Expression of
these genes is highly specific of these conditions, being
weakly expressed in control roots or in aerial tissues, except
for the AFG1-ATPase gene (Medtr1g012370), a swept gene at
species level, which is also expressed in flowers. In Module 1,
selection strength seems the highest for three genes: A cyste-
ine-rich receptor kinase-like protein, the DNA excision
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repair protein ERCC-1, and a hypothetical protein (fig. 5).
The cysteine-rich receptor kinase-like protein—CRK
(Medtr5g005450)—is a member of the CRK receptor gene
family whose functions have been related to abiotic and biotic
stresses such as ozone levels and treatments with pathogen-
associated molecular patterns (Chen et al. 2004; Wrzaczek
et al. 2010). The DNA excision repair protein ERCC-1
(Medtr1g082570) is induced by DNA damage in plants
(Vonarx et al. 1998; Kunz et al. 2005). The coregulation of
ERCC-1 with the UV-B-induced AFG1-family ATPase coding
gene (Brown et al. 2005) suggests that both genes might actin
the same pathway of response to DNA-damages that can
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Fic. 5. Selection strength on genes of different regulatory modules, evaluated using sweep length and level of LD. Selection strength was evaluated using
the length (x axis) and the average LD (r* measure) of each sweep window in the FW population. The vertical dashed line indicates the average sweep
length (~16 kb). Gray dots and associated bars indicate the genome-wide average and standard error of the average * value for different lengths of
genomic region (the same sizes as the swept regions). Black dots and associated bars indicate the average, and standard error of the average value of r* in
each swept region. The color code pinpoints genes of the four different modules of coregulated swept genes identified by hierarchical clustering of

expression data (fig. 4).

occur during plant—-microbe interactions in root (Song and
Bent 2014). However, occurrence of DNA damages during
symbiotic interactions is currently unknown.

A nodule-specific module is Module 2, a cluster of five
genes highly expressed in senescent (10 weeks) nodules
(fig. 4). Although swept genes from Module 2 do not show
signals of intense selection according to sweep lengths (fig. 5),
the highest sweep length values concern the proteinaceous
RNase P (Medtr2g101360) and a putative transmembrane
protein (Medtr2g021720) belonging to the functional class
“protein synthesis, ribosomal protein, eukaryotic 60 S subunit
L34” which was significantly affected by positive selection
(table 2). The homolog of the transmembrane protein
coding gene in A. thaliana (AT3G06180), a predicted struc-
tural constituent of 60 S ribosomal proteins, was detected as a
putative target of WRKY53 transcription factor which is in-
volved in early events of leaf senescence (Miao et al. 2004).
Proteinaceous RNase P homolog in A. thaliana (PRORP1,
AT2G32230) is involved in the maturation of plant

mitochondrial mMRNAs but domain annotation also indicates
antimicrobial properties typical from pentatricopeptides, sug-
gesting in M. truncatula a putative role in the active rejection
of Sinorhizobium meliloti in senescent nodule.

Module 4 shows less contrasted transcriptional profiles
among conditions and organs but genes are mainly induced
in root and during nodule development (fig. 4). Two genes of
Module 4 show evidence of high selection strength: A serine/
threonine kinase (Medtr1g104850) and an armadillo/beta-
catenin-like repeat protein coding gene (Medtr5g096860)
(fig. 5). Serine/threonine kinases are widely represented in
plants. They are activated by receptors that sense various
external factor and they act downstream to change metabo-
lism, gene expression, and cell growth and division (Hardie
1999). The armadillo/beta-catenin-like repeat protein belongs
to armadillo repeat proteins which are common in all eukary-
otes but most of them have unknown functions (Coates
2003). However, in A. thaliana, two armadillo/beta-catenin
homologs called ARABIDILLO-1 (AT2G44900) and -2
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(AT3G60350) have been shown to promote lateral root for-
mation (Coates et al. 2006) and can therefore lead to a better
adaptation of the plant to its abiotic and biotic environment.

Only Module 3 is a cluster of genes preferentially expressed
in aerial parts (fig. 4). Module 3 is involved in primary metab-
olism by including notably a phosphoglucomutase (PGM)
(Medtr1g102010) and an UDP-glucose pyrophosphorylase
(Medtr3g071440). In starch-storing plants, PGM provides
the substrate phosphoglucose for starch synthesis or other
pathways (Harrison et al. 2000). PGM is a central actor of the
control of photosynthetic carbon flow (Streb et al. 2009).
UDP-glucose pyrophosphorylase immediately acts upstream
to PGM in the sucrose-to-starch conversion pathway, which
could explain their coregulation. The control of photosyn-
thetic carbon flow by PGM and other actors of the starch
synthesis pathway is probably a highly conserved molecular
feature in plants. A noteworthy feature of PGM is its increased
expression with time (up to 4 weeks) in nodules infected with
S. meliloti strain 1021, but not in roots of the M. truncatula
A17 genotype (fig. 4). It has been shown that PGM plays a role
in the availability of phosphoglucose for synthesis of required
polysaccharides by rhizobia during nodulation (Lepek et al.
2002). A proteomic analysis also identified a PGM as a specific
protein present in soybean root hairs after infection by
Bradyrhizobium japonicum (Wan et al. 2005) suggesting
that PGM may play a role in the Rhizobium-legume interac-
tion by affecting the availability of host phosphoglucose to
the Rhizobium. Considering the hypothesis that PGM is a
phosphoglucose supplier to S. meliloti, a basic adaptive hy-
pothesis is that selection has favored the expression of PGM
in the nodule, which has increased the fitness of plants by
improving symbionts nutrition thus their ability to fix nitro-
gen in optimal conditions. Remarkably, PGM was not ex-
pressed in 10-week nodules of M. truncatula Sals4
and Naut1 genotypes inoculated with either SalsB or SalsC
S. meliloti genotypes (fig. 4, data from Heath et al. 2012),
suggesting a temporal regulation of PGM expression in the
nodule. In Module 3, PGM and UDP-glucose pyrophosphor-
ylase show less intense selection strength, according to sweep
length, than the cytochrome P450—Medtr5g009110—and
the zinc finger CCCH domain protein—Medtr3g117490
(fig. 5). The two latter genes belong to large protein families.
Cytochrome P450 proteins are used by plants in various

biosynthetic and catabolic pathways (Schuler and Werck-
Reichhart 2003). Zinc finger proteins have highly diverse func-
tions, notably in DNA-binding and transcriptional activations
(Laity et al. 2001), and Zinc finger CCCH domain proteins
display considerable versatility in binding mode (DNA, RNA,
or proteins). It is thus tempting to hypothesize that these
proteins are potential transcriptional and/or posttranscrip-
tional regulator of PGM expression in nodule, which could
explain that they have undergone stronger selective sweep
than PGM.

Overall, expression data indicate that approximately 70%
of swept genes (19 over 27 genes analyzed) are preferentially
expressed in root and nodule than in aerial organs (fig. 4).
However, our selection of experimental conditions to analyze
the expression of swept genes might appear biased toward
root and nodule conditions, relative to experiments in aerial
organs. This primarily reflects that the Medicago truncatula
Gene Expression Atlas lacks available experiments focusing on
aerial organs in different stress conditions, notably in biotic
stress conditions. However, to investigate whether or not
swept genes are mainly involved in root biology relative to
all genes present in the microarray, we performed an enrich-
ment test for root and nodule organs, separately. Table 3
shows that there is a clear enrichment for swept genes with
“strong expression” in 50-75% of root conditions (P = 0.0077),
relative to the microarray. We also found enrichment for the
categories 0—25% and 75-100% of root conditions (P =0.017
and 0.0358, respectively). For nodule organ, enrichment in
highly expressed swept genes was found in 0-25% of
nodule conditions (P =0.0021) only. These results show that
swept genes are significantly highly expressed in various root
conditions, relative to the microarray, indicating a central role
in root biology (developmental response to stress, response to
infection by microorganisms). For nodule, we can hypothesize
that some swept genes are significantly highly expressed in
specific conditions (senescence or development; see fig. 4),
relative to the microarray.

Comparison with Other Genome Scans in M.
truncatula

Comparison of the list of 190 gene models covering all can-
didate regions for a selective sweep uncovered in this study
with the list of candidate genes under positive selection

Table 3. Analysis of Swept Gene Expression Enrichment in Root and Nodule, Relative to Medicago truncatula Expression Microarray.

Organ % of Experiments® % of Highly Expressed Swept Genes % of Highly Expressed Microarray Genes P value
Root 0-25 0.32 0.16878 0.0170*
Root 25-50 0.32 0.66986 0.9996™
Root 50-75 0.32 0.14939 0.0077**
Root 75-100 0.04 0.01196 0.0358*
Nodule 0-25 0.40 0.17780 0.0021**
Nodule 25-50 0.24 0.17316 0.1276™
Nodule 50-75 0.36 0.59998 0.9868™
Nodule 75-100 0.00 0.04906 0.7157™

*The analysis deals with 11 root conditions and 9 nodule conditions.
*P <005 **P <007; ns, not significant.
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identified in the first M. truncatula population genomics
survey of selection (Paape et al. 2013) pinpoints eight
common regions among which four were detected in the
same populations (supplementary data S4, Supplementary
Material online).

First, both analyses identified in both populations the two
gene models Medtr3g114130 and Medtr3g114140, which
flank the DNA topoisomerase gene (Medtr3g114150), there-
fore increasing the evidence that this region has undergone
strong positive selection at M. truncatula species scale.
Second, the cysteine-rich receptor-like protein kinase 25
(Medtr1g104890) identified by Paape et al. (2013) in the
FW population lies in a candidate region of our analysis
where the best candidate is the serine/threonine kinase—
Medtr1g104850 (Module 4, fig. 4). The zinc-induced facilita-
tor-like protein coding gene (Medtr3g086440, Module 1) was
also found in both analyses in the FW population. Finally, only
one gene was found by the two analyses in the C population:
The O-fucosyltransferase family protein (Medtr1g031590).

Two candidate genes of our study were also identified in
the first genome-wide association study performed in M.
truncatula (Stanton-Geddes et al. 2013). They include a
high mobility group B-like protein (Medtr7g005970) and a
magnesium transporter CorA family protein
(Medtr5g091570), respectively, associated with trichome den-
sity and S. meliloti nodule occupancy in upper root.
Interestingly, the magnesium transporter CorA family protein
gene model is located next to a ubiquitin carboxyl-terminal
hydrolase (Medtr5g091550) identified in Paape et al. (2013)
and to the hypothetical protein gene model Medtr5g091560
which belongs to our gene Module 1.

It was shown in M. truncatula that purifying (negative)
selection acts more significantly on broadly expressed genes
compared with nonexpressed genes or genes with tissue-spe-
cific expression, as the former are enriched with deleterious
mutations (Paape et al. 2013). In agreement with this, in our
study the expression of genes under strong positive selection
looks more tissue-specific or heterogeneous among tissues
and experimental conditions (fig. 4). This suggests that mo-
lecular adaptation may result either 1) from advantageous de
novo gene expression in a specific tissue in a given condition
or 2) from the co-opting of genes with tissue-specific expres-
sion to other tissues. The PGM gene (Medtr1g102010) seems
to fit the last hypothesis as it is mainly expressed in aerial
organs together with other genes of Module 1 but it is also
uniquely expressed during nodule development. The serine/
threonine kinase (Medtr1g104850), by contrast, is more spe-
cifically expressed in root, suggesting putative de novo
recruitment.

Conclusions

Understanding how contemporary species adapt to changing
environments (biotic and abiotic) requires a thorough iden-
tification of the genes that respond to positive selective pres-
sures. Consecutively, exploring candidate genes functional
annotation and expression data enables the prediction of
which molecular functions and putative regulatory network
are involved in adaptation. This study reports the first

genome-wide selective sweep analysis with high marker den-
sity (>15 million SNPs) performed on a representative
sample in a plant species, M. truncatula. We demonstrate
that selective sweeps identified in the Circum population
are more population-specific than those identified in the
Far West population, suggesting that the latter represent
more ancient adaptations that are more likely to be shared
between M. truncatula populations. We also detected two
species-wide selective sweeps clearly indicating ancient selec-
tive events.

Through the combined analysis of transcriptomic data and
genomic features of swept regions (swept length and LD), we
could identify four putative gene regulatory networks (called
“Module”) involved in adaptation of (at least) the Far West M.
truncatula population to its root-associated biotic environ-
ment. Interestingly, these Modules mainly concern not only
the adaptive control of root symbiotic interaction with
Rhizobia (carbon flow in nodule, nodule senescence) but
also the adaptation of root cells upon infection with soil
microorganisms (DNA damage repair and cell organization
processes) and root development upon stress perception.
This suggests that root-associated microorganisms may
have triggered high selective pressures on the root system
of M. truncatula.

Finally, a more theoretical issue that our study highlights is
that the number of selective sweep events in a genome does
not probably represent an equivalent number of selective
pressures. Indeed, a particular phenotypic response (cellular,
physiological, and morphological) seldom results from the
action of a single gene, but is rather polygenic. Hence, any
identified module of coregulated swept genes might repre-
sent a group of coadapted genes; that is a group of genes co-
responding to the same selective pressure, because involved
in the same phenotypic expression. Although polygenic se-
lection with additive effects on the phenotype may tend to
generate groups of coadapted genes, it seems rather challeng-
ing to detect them using population genomics alone (see, e.g,
Berg and Coop 2014). Another hypothesis explaining the ex-
istence of coregulated genes identified by selective sweep
signatures is the action of epistatic selection; that is the favor-
ing of individuals bearing a specific combination of mutations
at different genes (see, e.g, Takahasi and Tajima 2005). As a
perspective of this work, assessing epistatic selection signa-
tures either in identified modules of coregulated genes or in
groups of detected swept genes could allow identifying net-
works of coadapted genes in M. truncatula and other species.

Materials and Methods

Inference of Selective Sweeps and SNP Data

Evidence for positive selection was determined using an
HMM as described by Boitard et al. (2009). This method ex-
ploits the fact that allele frequencies are distorted around a
locus under selection, compared with neutrality. We note
that the method used here is designed to identify selective
sweeps but not balancing selection, another form of positive
selection. Contrary to classical approaches like Watterson'’s
theta or Tajima’s D, the HMM method uses the full allele

2107


8 
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv092/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv092/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv092/-/DC1
 -
-
-
since 
(i
,
(ii
phosphoglucomutase 
since 
edicago 
linkage disequilibrium
-
-
While 
-
for instance
)
-
u
-
-
hidden Markov model (
)

Bonhomme et al. - doi:10.1093/molbev/msv092

MBE

frequency spectrum rather than a summary statistic com-
puted from this spectrum, resulting in increased detection
power (Kim and Stephan 2002). Briefly, in this model, the
number of copies of the derived allele at SNP i, denoted
Y(i), is taken as the observed state at this SNP. Each SNP i is
also assumed to have a hidden state X(i), which can take three
different values: “Selection,” for SNPs very close to a swept site;
“neutral,” for SNPs far away from any swept site; and “inter-
mediate,” for SNPs in between. These three values are asso-
ciated with different allele frequency distributions. The
“neutral” allele frequency distribution is estimated using all
SNPs in the genome. Allele frequency distributions in states
“intermediate” and “selection” are deduced from this “neu-
tral” distribution using the derivations in Nielsen et al. (2005)
and are typically more skewed toward low- and high-allele
frequencies. The hidden states X(i) form a Markov chain along
the genome with a per base pair probability, p, of switching
state. Under this HMM, the most likely sequence of hidden
states can be predicted from the sequence of observed states
using the Viterbi algorithm. Each set of consecutive SNPs with
the predicted state “selection” is called a sweep window.
Besides, applying the backward—forward algorithm to the
same HMM provides, for each SNP j, the posterior probability
q(i) of hidden state “selection”.

A detailed description of the bioinformatic pipeline used
for SNP calling in the Medicago truncatula HapMap project
can be found in Stanton-Geddes et al. (2013) and Bonhomme
et al. (2014). The raw data set contains 16,515,723 SNPs. For
selective sweep analysis, we used the same SNP data set in
populations FW and C, thereby reducing the data set to a
total of 15,746,610 SNPs due to allele fixation in either of the
two populations. The ancestral alleles of 1,283,721 SNPs (8%)
could be specified using outgroup species (M. littoralis,
M. turbinata, and M. murex), allowing the use of the unfolded
allele frequency spectrum. Using even a small proportion of
derived alleles is important because it avoids detecting regions
under negative selection. Indeed, high frequency-derived al-
leles cannot be caused by negative selection, contrary to low
frequency-derived alleles. For the remaining 14,462,889 SNPs,
we used the folded allele count as the observed state, which
means that Y(i) and [n(i) — Y(i)] (with n(i) equal to the hap-
lotypes sample size) were considered as the same observation.

The type | error of the above method, that is, the proba-
bility that it detects a sweep window in a population that has
evolved under neutrality, depends on parameter p (see
Boitard et al. 2009 for more details). To control the
genome-wide number of false positives, we simulated 1,000
samples of length 100 kb under neutral evolution using the
ms software (Hudson 2002) and adjusted p so that sweeps are
detected in only 1% of these samples. We performed this
calibration for each population, with a sample size equal to
the median number of nonmissing alleles per SNP in the
observed data (135 in C, 70 in FW). We used the same pro-
portion of unfolded sites as in the observed data (7.8%).
Population-scaled mutation and recombination rates also
had to be specified for these ms simulations. We estimated
the mutation rate using Watterson’s theta (Watterson 1975)
and obtained, respectively, 0.00498 and 0.00674 mutations
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per generation per bp in C and FW. We used a scaled recom-
bination rate of 0.0018 per generation per bp, as reported in
(Branca et al. 2011). The ms commands used to generate
neutral C-like and FW-like samples were, respectively, “ms
135 1000 -t 498 —r 180 100000” and “ms 70 1000 -t 674 —r
180 100000.” The transition probabilities p obtained from
this calibration were 596046 x 10° in C and
4.0745 x 107" in FW.

LD and Genetic Differentiation Analyses

We used the r* and D’ measures to quantify levels of LD in
swept regions and in genome-wide regions of the same size.
For each population (FW and C) and swept region, we com-
puted these measures for all SNP pairs involving SNP with
MAF >0.05 located in the region. For this purpose we used
the software punk (Purcell et al. 2007)—version 1.9, available at
https://www.cog-genomics.org/plink2/ (last accessed April
23, 2015), with the options “~chr my.chr —from-bp my.start
—to-bp my.end —r2 dprime —maf 0.05 -Id-window 50 000 —
Id-window-kb 50 -Id-window-r2 0,” where my.chr, my.start
and my.end indicate the location of the sweep window. Then,
we did the same for all genome-wide SNP pairs involving SNP
with MAF >0.05 and whose physical distance was below L,
the size of the sweep in kilobase. runk options for these com-
putations were “~r2 dprime —maf 0.05 —Id-window 50 000 —
Id-window-kb L —Id-window-r2 0.” The properties of LD mea-
sures in a given sweep window or in genome-wide regions of
the same length were obtained by computing averages and
standard deviations among these pairs.

Genetic differentiation was estimated using the FLK statis-
tics which is related to F; but accounts for the phylogenetic
structure of populations and the heterogeneity of genetic
drift through the estimation of a population kinship matrix
(Bonhomme et al. 2010). FLK values and P values in each
swept region were obtained from the software hapflk, avail-
able at https://forge-dgajouy.inrafr/projects/hapflk (last
accessed April 23, 2015). The average genome-wide FLK
value was obtained from the same program using option,
“—thin 0.01,” which samples at random 1% of the SNP
genome-wide. Again, only SNP with MAF >0.05 was used
for this analysis.

Functional Gene Annotation and Transcriptome Data
Analyses

Biological functions associated with the genes under adap-
tive evolution were investigated using automated annota-
tion tools. First, a global approach using GO terms was
carried out, based on M. truncatula protein sequence sim-
ilarity with A. thaliana, using The Arabidopsis Information
Resource  -TAIR-  (http://www.arabidopsis.org/,  last
accessed April 23, 2015). Second, a multidatabase-auto-
mated sequence annotation approach was used through
the Mercator annotation tool (http://mapman.gabipd.org/
web/guest/mercator, last accessed April 23, 2015). By
searching the TAIR 10 and SwissProt/UniProt Plant
databases, Mercator allowed the assignment of a func-
tional class (bin) to each of the 50,894 gene models
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identified in Mt40OM. truncatula genome version
(http://www. jcvi. org/ medicago/display. php?pageName =
General& section=Download, last accessed April 23,
2015). The distribution of functional classes in the candi-
date gene list and in the genome allowed us to test
whether the swept genes list was statistically enriched in
some functional classes using the hypergeometric distribu-
tion. Finally, to gain additional insight into gene functions,
we investigated correlated transcriptional profiles and pu-
tative tissue-specific expression among adaptive genes,
through hierarchical clustering of Affymetrix gene expres-
sion data from 27 selected experimental conditions avail-
able at the Medicago truncatula Gene Expression Atlas
(http://mtgeanoble.org/v3/, last accessed April 23, 2015;
Benedito et al. 2008). To test for putative swept genes
enrichment in root or nodule conditions relative to the
microarray, we implemented a test based on the hyper-
geometric distribution, on root and nodule separately, be-
cause of the specific nature of nodules (only formed
during symbiosis with Rhizobia). The idea was to compare
the proportion of swept genes with high expression in
root (or nodule) experimental conditions, relative to the
proportion of genes in the Medicago Affymetrix microar-
ray which were also highly expressed in the same exper-
imental conditions. To do this, we first normalized
microarray gene expression data in each experimental
condition to obtain a mean expression level of 0 and a
standard deviation of 1. Then, for root and nodule exper-
imental conditions separately (11 and 9, respectively), we
calculated for each gene in the microarray (50,894 genes,
including the 27 swept genes) the proportion of experi-
mental conditions in which the expression of the gene
was higher than the mean expression level of the
gene across all 27 conditions (ie, “strong expression”).
We then calculated in our sample (27 swept genes)
and in the overall sample (50,894 genes) the proportion
of genes which had strong expression in a given range of
conditions (e.g, between 0 and 50% of root conditions,
or between 50% and 100% of root conditions). We then
compared the proportion in the sample with the one in
the microarray using a hypergeometric distribution in
order to see whether the differences were statistically
significant.

Supplementary Material

Supplementary data S1-54 and figures S1and S2 are available
at Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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