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Populations of Eruca sativa (Brassicaceae) derived from arid and

Mediterranean habitats exhibit ecotypic differentiation. Here, pooled DNA

sequencing was used to assess adaptive genome differentiation in the two

ecotypes. Differentiated SNP loci were scanned with the empirical FST outlier

method and by correlating allele frequencies with environmental parameters.

Genetic diversity values were relatively higher in the pooled arid genome,

whereas the pooled Mediterranean genome exhibited stronger directional

selection, indicating the impact of climatic conditions on genetic diversity. GO

enrichment analysis categorized the annotated differentiated loci according

to biological processes, revealing a large set of candidate genes related to

abiotic and biotic stress responses. Allelic variation was detected in regulatory

elements and coding regions (synonymous and non-synonymous mutations)

of genes belonging to different transcription factors and phytohormone

signaling, suggesting adaptation to both abiotic and biotic conditions.

Furthermore, SNP mutations were also found in genic regions belonging to

the synthesis of secondary metabolites, including aliphatic glucosinolates and

their hydrolyzed bioactive compounds, among others. The results of this eco-

genomic study demonstrate the role of divergent abiotic and biotic selection

factors in evolutionary processes leading to adaptive ecotypic differentiation.
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Introduction

The divergence of traits and ecotypic differentiation is considered to be an
adaptive response to environmental conditions (Nosil, 2012; Zaidem et al., 2019).
Thus, understanding the factors and processes that contribute to genetic differentiation
is a fundamental step in evolutionary studies. Additionally, knowledge of genes and
loci associated with intraspecific phenotypic differentiation is essential to understand
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the basis of adaptive divergence and variation in functional
traits. In recent years, increased access and ease of genomic
sequencing has revolutionized the ability to link genetic
variation with local adaptation (Ellegren, 2014; Tiffin and Ross-
Ibarra, 2014). Thus, ecological genomic studies in plants used
inter-species differentiation to associate genomic regions with
geographic and climatic conditions, mainly in Arabidopsis sp.
and other closely related species (Fischer et al., 2013; Kubota
et al., 2015; Honjo and Kudoh, 2019; Takou et al., 2019).
Complementary studies with non-model classical species, such
as Arabis alpina for example, detected genomic regions that are
linked to environmental gradients and thus could be associated
with adaptation to cold and pathogen resistance (Lobreaux
and Miquel, 2020). Therefore, studies that aim to understand
local adaptations utilize species whose distribution covers
pronounced environmental gradients (e.g., Hancock et al., 2011;
Fischer et al., 2013; Kubota et al., 2015; Rellstab et al., 2016).
However, the ecological relevance of the association between
single nucleotide polymorphism (SNP) in plant populations and
environmental conditions remained speculative in most cases.

The topographic and aridity gradients that exists in the
southeast Mediterranean region, ranging from relatively humid
Mediterranean to arid desert environments over relatively short
distances, mark this region as a prime live laboratory for
studies aiming to understand evolutionary processes. Several
studies conducted in this region demonstrated intra-specific
phenological and morphological variation (Aronson et al.,
1990; Petrů et al., 2006; Liancourt and Tielborger, 2009; Kigel
et al., 2011; Waitz et al., 2021), emphasizing the possible
role of abiotic selective factors on phenotypic and ecotypic
divergence (Metz et al., 2020). Nevertheless, to date, no
study in this region has yet attempted to explore the links
between environmental heterogeneity, genome-wide variation,
and phenotypic divergence.

Populations of the self-incompatible annual Eruca sativa
(Brassicaceae) in the region are thriving in diverse habitats
along the short and narrow strip of the Jordan Valley
(Table 1; Westberg et al., 2013). Previous studies have
shown that populations from arid and Mediterranean habitats
show spatial co-variation within several ecologically important
functional traits, including seed dormancy and longevity
(Barazani et al., 2012; Hanin et al., 2013), and flowering
time (Westberg et al., 2013). Natural variation in populations
of E. sativa also includes differences in trichome density
(Westberg et al., 2013), floral traits (Barazani et al., 2019),
and genetic differentiation of induced defense against insects
(Ogran et al., 2016, 2019), traits that possibly evolved as
a response to biotic selection factors (Ogran et al., 2020).
Moreover, it was also recently shown that despite a significant
gene flow among populations, the phenotypic differentiation
in E. sativa evolved due to diversifying selection (Bajpai et al.,
2022). Thus, overall, our previous results indicate that the
inter-population differentiation in E. sativa can be efficiently

utilized to understand the effect of natural selection on
genomic variation. For this purpose, we used a pooled genome
sequencing (Pool-Seq) approach and identified more than
300,000 single nucleotide sites whose frequency significantly
differed across the genome of two contrasting arid and
Mediterranean populations of E. sativa. Our analyses aimed
to identify genomic regions showing footprints of selection in
association with environmental parameters. To do this, we used
FST outlier analysis to identify differentiated genes. Further
analysis of environmental association using Bayesian statistics,
was applied to understand their putative adaptive roles. This
study is among few that address ecotypic differentiation in
non-model plant species, offering a unique opportunity to
understand genomic changes associated with the responses of
organisms to their biotic and abiotic environment.

Materials and methods

The studied populations, plant
material, and DNA extraction

Populations of E. sativa in the east Mediterranean are
distributed along a steep climatic gradient in the Jordan
Valley, from arid (<200 mm rainfall year−1) to Mediterranean
(>450 mm rainfall year−1) habitats (Table 1). Several
environmental characteristics differentiate the arid and the
Mediterranean sites, including elevation, average temperatures
during the growing season, annual rainfall, and soil salinity
(Table 1). In addition, a recent entomological study revealed
differences in herbivory pressure at the sites, showing higher
frequencies of the specialist moth Plutella xylostella at arid sites
than at Mediterranean sites, and vice versa for generalist aphids
(Ogran et al., 2020).

Significant correlations were found between all abiotic
environmental factors, i.e., average annual rainfall, average
temperatures during the growing season, and soil salinity,
as well as between these and their geographical location
(latitude) (Supplementary Data Sheet 1, Table S1). In addition,
the Pearson correlation test revealed significant correlations
between all the environmental characteristics and herbivory
pressure, i.e., the frequency of P. xylostella and aphids in the
two regions. Thus, to avoid multi-collinearity, in the analyses
for detecting environmental-specific outlier loci (below), we
used rainfall as the environmental variable, the most important
environmental parameter, which limits plant survival in this
region (Aronson et al., 1990, 1992; Petrů et al., 2006; Volis, 2007;
Kigel et al., 2011; Westberg et al., 2013).

We previously described the genetic diversity between nine
populations of E. sativa along this climatic gradient (Westberg
et al., 2013). Our previous results indicated that genetic diversity
values were similar in all populations. In addition, Bayesian
clustering divided populations from Mediterranean and arid
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TABLE 1 The investigated populations of E. sativa, their location, and environmental characteristics.

Sampling site n† Coordinates Average
annual
rainfall
(mm)

Average
temp.
(◦C)

Soil
salinity
(EC)

Elevation
(m asl)

Latitude Longitude

Mediterranean Ein Gev 8 32◦ 46′ 09′ ′ N 35◦ 38′ 36′ ′ E 393 14.70 162.50 −183.00

Susita 13 32◦ 46′ 39′ ′ N 35◦ 39′ 29′ ′ E 597 9.11 218.00 50.00

Arid Sartaba 7 32◦ 04′ 49′ ′ N 35◦ 29′ 46′ ′ E 190 15.69 5243.50 −265.90

Bet Shean 3 32◦ 30′ 04′ ′ N 35◦ 30′ 38′ ′ E 275 14.38 302.00 −158.80

Argaman 7 32◦ 30′ 04′ ′ N 35◦ 30′ 38′ ′ E 215 15.69 537.50 −330.00

Ein Hanaziv 7 32◦ 28′ 01′ ′ N 35◦ 30′ 39′ ′ E 275 14.38 320.25 −180.00

The average rainfall and temperatures during the growing season (January-April) were gathered from the Geographic Information System Center database (Hebrew University of
Jerusalem) using coordinates of each population; electric conductivity (EC) values from Westberg et al. (2013).
†n represents the number of individual plant samples per each population included in the pooled Mediterranean and arid DNA.

environments to two main phylogeographic clusters, with a
population with a mixed ancestry of the clusters at the border
of the two regions (Westberg et al., 2013). Accordingly, leaf
samples were collected from plants in each of six selected
populations representing the two main genetic clusters of
arid (Sartaba, Argaman, Bet Shean, and Ein Hanaziv) and
Mediterranean (Ein Gev, Susita) habitats [Table 1 and see
Westberg et al. (2013)]; the population with a mixed ancestry
was not included. DNA was extracted with the DNeasy Plant
Mini Kit (QIAGEN, Hilden, Germany), and DNA quality and
quantity were measured on UV-Vis Spectrometer (NanoDrop
8000, Thermo Scientific) as well as on 1% agarose gel.

Sequencing and read cleaning

The Pool-Seq approach provides an alternative, cost-
effective way, to sequence DNA (Schlotterer et al., 2014).
Several studies used this approach to quantify allele frequency
differences between populations to infer about selection
processes (Boitard et al., 2012; Ferretti et al., 2013; Fischer
et al., 2013). Thus, this approach can provide insight into
the evolutionary and demographic history of populations, to
identify regions under selection, and alleles whose frequencies
differ consistently between populations.

Equal quantities of 21 and 24 individual DNA samples,
representing four arid and two Mediterranean populations,
respectively (Table 1), were pooled together to make two
samples of 3 µg DNA each, at a concentration of 40 ng/µl.
Using the True-seq DNA PCR Free kit (Illumina), each pooled
DNA sample was converted separately into a paired-end
151 bp genomic sequencing library. The two libraries were then
sequenced on an Illumina HiSeq X Ten platform (Macrogen,
South Korea). Whole genome sequences (WGS) of the arid and
Mediterranean regions (AR and MR, respectively) DNA pools
were analyzed at 135X coverage, considering genome size of

851 Mb (Bell et al., 2020). Data quality was then checked using
FastQC1 and was cleaned by trimming low quality reads by a
perl script (trim-fastq.pl) provided in the PoPoolation program
(Kofler et al., 2011a). To ensure the sequences’ accuracy, a Phred
quality score was kept at Q30, including a threshold of 50 bp
minimum read length.

Reads mapping and SNP calling

Trimmed paired-end reads of each AR and MR genomes
were mapped to the Eruca vesicaria (L.) Cav. (syn. E. sativa
Miller) genome.2 The index command in the Burrows-Wheeler
aligner (BWA) program was used for sequence alignment
and to prepare a reference genome (Li and Durbin, 2009,
2010). Reads were mapped using the BWA mem command.
The mapped reads were further sorted with Picard tools3 and
tagged duplicates were removed. Samtools ver. 1.7 (Li et al.,
2009) was then used for variant calling, removing ambiguously
mapped reads (q score < 20), and to create a mpileup file
combining outputs from both samples. Genomic indels were
identified and removed using PoPoolation2 program using perl
scripts identify-genomic-indels-regions.pl and filter-pileup-by-
gtf.pl, respectively. The PoPoolation2 script mpileup2sync.jar
was then used to create a sync file from the indel filtered data
by keeping base quality threshold of 30. The PoPoolation2
program (script: subsample-synchronised.pl) was further used
to submsample the data for removing potential sequencing
errors. The subsampled data was then used to estimate SNPs’
allele frequency (script: snp-frequency-diff.pl) by maintaining a
minimum minor allele count of 4, and minimum and maximum
coverage of 20 and 200, respectively.

1 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

2 https://bmap.jgi.doe.gov

3 https://broadinstitute.github.io/picard/
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Genome-wide diversity analysis

Genome-wide patterns of diversity were characterized by
estimation of three genetic diversity parameters: (i) nucleotide
diversity (π); (ii) Watterson’s θ (θw); and (iii) Tajima’s
D (TD). All genetic diversity parameters were estimated
from individual sample pool files, i.e., the AR and MR
pool files. Each pool file was sub-sampled to a uniform
coverage of 20 before the analysis. Using PoPoolation2,
the genetic diversity parameters were estimated in non-
overlapping 10-kb windows across the genome (Kofler et al.,
2011a), by maintaining a minimum allele count of 2. All
genetic diversity parameters were checked for normality and
homogeneity of variance using the Komolgorov Smirnov and
Leven’s tests, respectively. As none of the genetic diversity
parameters followed the assumption of normal distribution,
the non-parametric independent sample Mann–Whitney U
test/Wilcoxon rank-sum test (Guo et al., 2016) was conducted
to test for significant differences in genetic diversity parameters
between the two AR and MR genomes.

Screening for differentiated
SNPs–candidate loci analysis

Candidate loci analyses were performed in two steps.
First, using Fisher’s exact (FE) test, we screened genomic
regions that exhibited significant genetic differentiation between
the two genomes by comparing allelic frequencies (Raymond
and Rousset, 1995; Goudet et al., 1996; Ryman and Jorde,
2001); the FE test was performed using the perl script fisher-
test.pl in PoPoolation2 program. The Benjamini-Hochberg false
discovery rate (FDR) correction was further applied to the
obtained P-values using R (version 4.0.2) (R Core Team., 2020).
SNPs in specific genomic comparison with FDR values lower
than 0.01 were defined as significantly differentiated. Second,
we further screened significantly differentiated SNPs based on
the genetic differentiation (FST) values. The FST value for each
SNP was determined using the perl script fst-sliding.pl in
PoPoolation2 (Kofler et al., 2011b), after which SNPs falling in
the upper 5% tail of the FST distribution range were selected. The
allele frequency difference of most variable alleles (AFDMVA) of
the AR and MR pooled genomes was estimated by subtracting
the MR allele frequency from that of the AR.

Gene assignment and functional
annotation

Genomic annotations and sequences for E. vesicaria
genome version 1.1 were downloaded from the JGI genome
portal (Nordberg et al., 2013). The gene annotations were
extracted from the general feature format (GFF) using

Python scripts. Using Python scripts, candidate SNPs (above)
were annotated as being part of coding region sequences
(CDS), potential gene promoters [2000 bp upstream to
the 5′ of the untranslated region (UTR)], or as not in
the range of gene coding region. For SNPs located within
a CDS, the potential non-synonymous effect caused by
change in nucleotides was computed from the reference
sequence of the E. vesicaria genome. Functional annotation
of SNPs associated with CDS or promoters was carried out
using the annotation file of the E. vesicaria genome by
looking at GO IDs and best hits of the associated gene
in Arabidopsis thaliana, Oryza sativa, and Chlamydomonas
reinhardtii. Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthologs and their related pathways were also identified
with the web-based KEGG Automatic Annotation Server
(KASS) (Moriya et al., 2007) against a selected list of
genomes (Supplementary Data Sheet 1, Table S2) using
the SBH (Sequencing by hybridization) method and default
parameters and thresholds.

Environmental association analysis

A Bayesian approach implemented in the Bayenv2 program
was used to assess the association between environmental
parameters and allele frequencies (Gunther and Coop, 2013).
Environmental specific outlier loci were detected by controlling
sampling errors due to the sample pools. This approach also
accounts for covariance due to population size history (Gunther
and Coop, 2013). To perform this analysis, we first removed 258
monomorphic SNPs and 468 SNPs with insufficient allele count
information from the total of 153,560 annotated SNPs (above).
The 152,834 significant polymorphic SNPs obtained were used
to build a reference covariance matrix of allele frequencies
using 400000 MCMC iterations. The allele frequencies matrix
was correlated with standardized rainfall, to obtain correlation
statistics, called Z statistics (Bayenv2). Z statistic ranges from 0
to 0.5, with values close to the upper range showing a strong
correlation with the environmental parameter. The allele states
of the pooled AR and MR genomes were further estimated as
described above.

Gene set enrichment analysis

Gene ontology (GO) enrichment analysis (Ge et al., 2020)
was used for examining enriched biological processes in two
lists of significantly differentiated SNPs: (1) based on allele
frequency and FST (AF-FST); and (2) based on environmental
parameter association. The AF-FST and environmental
parameter association analyses yielded a total of 2,417 and 517
SNPs, respectively, that were annotated to distinct Arabidopsis
genes (see Section “Results”). Both gene lists were further
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TABLE 2 Genome-wide diversity parameters of the Mediterranean and arid DNA pools (mean ± SE): nucleotide diversity (π), Watterson θ (θw), and
Tajima’s D (TD) in 10-kb non-overlapping windows.

n† Nucleotide diversity π Watterson θ TD

Mediterranean 21 1.1043× 10−2
± 3× 10−5 1.1219× 10−2

± 3× 10−5
−0.2110± 2.65× 10−3

Arid 24 1.1459× 10−2
± 3× 10−5 1.1633× 10−2

± 3× 10−5
−0.1936± 2.58× 10−3

Mann–Whitney U test 6.543× 108*** 6.533× 108*** 6.685× 108***

The results of Mann–Whitney U test are provided, with three asterisks (***) representing significant two-tailed P-values (<0.001).
†n represents the number of individual plant samples per each pooled DNA.

subjected to GO analysis using the ShinyGO website.4 Fisher’s
exact test with FDR correction was used to identify significantly
enriched GO identifier; GO terms with FDR less than 0.05
were considered significantly enriched. In the case of SNPs
based on AF-FST analysis, the REVIGO program,5 which uses
a simple clustering algorithm to find a representative subset of
the terms, was applied with default parameters to shorten and
remove redundant GO terms (Supek et al., 2011). The KEGG
Mapper6 and the AmiGO gene ontology resource7 were also
used to categorize the orthologous A. thaliana gene IDs into
biological processes.

The ShinyGO tool was further applied to the list of 2,417
AF-FST SNPs for the identification of enriched cis regulatory
elements (CREs) or transcription factor (TF) binding motifs
in the promoter regions (300 bp upstream of genes). The
ShinyGO platform used the stress responsive transcription
factors database (STIFDB8). Fisher’s exact test with FDR
correction was applied to select significantly (P < 0.05) enriched
CREs and transcription factors.

Results

Sequencing and mapping statistics

The whole genome Illumina sequencing produced
more than 381 × 106 and 374 × 106 raw reads in the
arid and Mediterranean pooled DNA samples, respectively
(Supplementary Data Sheet 1, Table S3). After quality check
and trimming, 375 × 106 arid and 367 × 106 Mediterranean
cleaned pair-end reads were obtained. The Q20 of the arid
and Mediterranean genome libraries were 97.69 and 97.17%,
respectively, and the respective Q30 values were 94.58 and
93.68% (Supplementary Data Sheet 1, Table S3). Mapping
against the E. vesicaria genome yielded more than 98% of
mapped reads in both the arid and Mediterranean genome
pools (Supplementary Data Sheet 1, Table S4).

4 http://bioinformatics.sdstate.edu/go/

5 http://revigo.irb.hr/

6 https://www.genome.jp/kegg/tool/map_pathway2.html

7 http://geneontology.org/

8 http://caps.ncbs.res.in/stifdb

Genome-wide variation

Nucleotide diversity values (π) ranged from 2.3 × 10−5

to 6.1 × 10−2 in the pooled genome of the Mediterranean
region (MR), while it ranged from 0.0 to 5.6 × 10−2 in the
pooled genome of the arid region (AR). When averaged for
10 kb windows, genome-wide estimates were 1.10 × 10−2 and
1.15 × 10−2 for the MR and AR pooled genomes, respectively
(Table 2). Estimates of θw ranged from 4.11 × 10−5 to
5.40 × 10−2 and 0.0 to 5.05 × 10−2 for the MR and AR pooled
genomes, respectively. The θw average 10 kb windows values
were relatively similar for the MR and AR pooled genomes
(1.12 × 10−2 and 1.16 × 10−2, respectively). Nevertheless, the
mean rank values of both π and θw were significantly higher in
the AR pooled genome than the MR pooled genome (Mann–
Whitney U test P < 0.001). In addition, the negative TD values,
indicating deviation from neutrality, were significantly lower
in the MR pooled genome than in the AR pooled genome
(Mann–Whitney U test P < 0.001) (Table 2).

Candidate loci analysis and the
identification of differentiated SNPs

A total of 11,917,267 SNPs were obtained by mapping
the pair-end reads of each of the two genome pools against
the E. vesicaria genome. Following a comparison of allelic
frequencies by FE test, 333,631 significant differentiated SNPs
were found. The average FST value for the total (11,917,267)
and significant (333,355; as assessed with the PoPooplation2
program) SNPs were 0.08± 0.10 and 0.46± 0.11, respectively.

Out of the total 333,631 significant differentiated SNPs,
327,196 were annotated (Supplementary Data Sheet 1,
Figure S1). Further grouping of the annotated SNPs according
to gene model predictions (extracted from the GFF file),
revealed that most (53.0%) were categorized to non-genic
regions. Among the 153,560 SNPs that were detected in genic
regions, 17.9% were categorized to promoters, 15.6% to CDS
regions, 11.2% to mRNA, and 2.3% to 3′ and 5′ UTR; 53.0%
of the annotated SNPs were not within a genic region (NIG)
(Supplementary Data Sheet 1, Figure S1). In addition, among
the 51,082 SNPs that were categorized to CDS, 41.5% were
defined as non-synonymous (Supplementary Data Sheet 1,
Figure S1 inset).
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FIGURE 1

The categorization of differentiated loci detected by the AF-FST (A) and environmental parameters (B) to different genic regions.

Enrichment analysis of significantly
differentiated SNPs based on allele
frequency-FST

Out of the 333,355 significant SNPs obtained (above), 16,668
were detected in the upper 5% tail of the FST distribution.
Among the latter, only 2,417 were annotated to distinct
A. thaliana gene IDs (Supplementary Data Sheet 2). Gene-
set enrichment analysis categorized the 2,417 gene IDs to 191
enriched biological processes (see “Significant GO terms” in
Supplementary Data Sheet 2). The 20 important biological
processes that were specified by REVIGO (“Enriched GO terms
by REVIGO” in Supplementary Data Sheet 2), included 1,403
genes. SNPs on the list of genes derived from the REVIGO AF-
FST enrichment analysis were mostly (53.0%) in CDS regions,
while 46.9% of other SNPs belonged to regulatory regions
(promoter and 5′ and 3′ UTR) (Figure 1A). In addition,
among the loci that were associated with CDS region, 267
(38.5%) possessed non-synonymous mutations (“Gene IDs and
allelic state” in Supplementary Data Sheet 2). The values of
AFDMVA of the respective loci in the AF-FST were ≥ 0.5
(see SNPs IDs in Supplementary Data Sheet 2). Among
the distinct gene IDs, 408 genes were listed in “response
to stress” (Figure 2A), which was directly linked with 187
genes that were enriched in “response to external stimulus”
biological processes.

Enrichment analysis of significantly
differentiated SNPs based on
environmental parameters

The 152,834 SNPs belonging to the coding and promoters
region (Supplementary Data Sheet 1, Figure S1, above)
were further subjected to environmental association analysis
(EVA). Among the analyzed SNPs, 763 fell in the upper

0.5% tail of Z statistics (ranging from 0.438 to 0.423).
The association between EVA and allele frequencies (using
Bayenv2.0) revealed 517 SNPs with distinct 102 A. thaliana
gene IDs (Supplementary Data Sheet 3). The majority of
the SNPs detected in the EVA-GO enrichment analysis (53
loci) belonged to the CDS of their orthologous A. thaliana
gene IDs, among them 50.9% possessed non-synonymous
mutations (Figure 1B; “Gene IDs and allelic state” in
Supplementary Data Sheet 3). Similar to the AF-FST analysis,
the AFDMVA values of SNPs associated with gene IDs
were ≥ 0.5.

The GO enrichment analysis displayed 16 enriched
biological processes, among these responses to external stimuli
(57 genes) and JA metabolic and biosynthesis processes (7 and 6
genes, respectively) (Figure 2B).

Genomic regions associated with
ecological adaptations

The KEGG mapper and AmiGO tools were used to
detect genomic regions with ecological relevance, i.e., water
deprivation and defense against herbivores. The AmiGO tool
categorized 24 genes of the 1,403 gene IDs derived from the
REVIGO enrichment analysis (above), as belonging to water
deprivation response, eight of them were in the CDS region
(Table 3 and see “Gene IDs and allelic state” in Supplementary
Data Sheet 2). The majority of candidate genes belonged to
the phytohormone signaling pathways, mainly ABA (ABI5,
ABA1, ABA2, NCED5, CBL1), but also auxin (ARF3 and
AVP1) and cytokinin (ARR10). Others involved TF activity
(ANAC059 and MYBs), protein kinases (CIPK6, ABR), and
genes involved in defense as PAL1, involved in the first steps of
the phenylpropanoid pathway, and RD19 encoding a cysteine
proteinase (Table 3).

Further analysis with the KEGG mapper categorized the
detected 1,403 gene IDs into 114 pathways, among which 112
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FIGURE 2

GO enriched biological processes of significantly differentiated SNPs (P < 0.05, Fisher’s exact test with FDR correction) that were screened on
the basis of AF-FST (A) and environmental parameters (B).

genes belonged to the biosynthesis of secondary metabolites.
These included genes involved in synthesizing terpenoids,
carotenoids, flavonoids, glucosinolates, sesquiterpenoids,
and triterpenoids, among others (“KEGG pathways”
in Supplementary Data Sheet 2). Loci possessing non-
synonymous mutations included genes involved in synthesizing
secondary metabolites, including genes associated with
phytohormone signaling (below), cutin synthesis and proteinase
inhibitors (Table 4). NSP1 and ESM, encoding nitrile specifier
and epithiospecifier modifier proteins, play a role in the
hydrolysis of glucosinolates to nitriles and isothiocyanates
(ITCs), respectively, also possessed non-synonymous mutations
in their coding regions (Table 4).

Loci associated with phytohormone
signaling

In addition to differentiated loci belonging to auxin and
cytokinin pathways (Table 3), the AF-FST analysis detected
SNPs possessing non-synonymous mutations in the CDS region
of the ethylene synthesis genes (ACO2 and ACS5) and the
gibberellic acid (GA) transduction pathway (Table 4 and see
Supplementary Data Sheet 2). Interestingly, our AF-FST and
EVA analyses detected 14 differentiated SNPs linked to α-
linolenic metabolism and JA signaling pathway (Table 5),
among which non-synonymous SNP mutations were identified
in the CDS regions of OPR1 and LOX3, AOC2 and AOC3,
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TABLE 3 Loci associated with response of plants to water deprivation.

At Gene ID Gene Gene function AFDMVA
† Genic region

AT2G36270 ABI5 Basic-leucine zipper (bZIP) transcription factor family protein 0.7 CDS

AT4G31920 ARR10 Response regulator 10 0.6 CDS

AT1G30100 NCED5 Nine-cis-epoxycarotenoid dioxygenase 5 0.5 CDS

AT3G29035 ANAC059 NAC domain containing protein 3 0.65 CDS

AT3G23250 MYB15 MYB domain protein 15 0.7 CDS

AT1G68010 HPR Hydroxypyruvate reductase 0.7 CDS

AT4G28680 TYRDC1 L-tyrosine decarboxylase 0.85 CDS

AT5G07690 MYB29 MYB domain protein 29 0.7 5UTR

AT2G02820 MYB88 MYB domain protein 88 0.55 5UTR

AT4G30960 CIPK6 SOS3-interacting protein 3 0.85 5UTR

AT5G67030 ABA1 Zeaxanthin epoxidase (ZEP) (ABA1) 0.85 3UTR

AT2G34650 ABR Protein kinase superfamily protein 0.65 5UTR

AT1G52340 ABA2 NAD(P)-binding Rossmann-fold superfamily protein 0.7 3UTR

AT1G15690 AVP1 Inorganic H pyrophosphatase family protein 1 3UTR

AT4G17615 CBL1 Calcineurin B-like protein 1 0.6 3UTR

AT2G33860 ARF3 Transcriptional factor B3 family protein/auxin-responsive factor AUX/IAA 0.5 3UTR

AT4G37840 HKL3 Hexokinase-like 3 0.65 3UTR

AT5G66880 SNRK2-3 Sucrose non-fermenting 1(SNF1)-related protein kinase 2.3 0.65 3UTR

AT2G37040 PAL1 PHE ammonia lyase 1 0.65 3UTR

AT4G39090 RD19 Papain family cysteine protease 0.75 3UTR

AT1G02930 GST1 glutathione S-transferase 6 0.8 3UTR

AT2G18960 AHA1 H(+)-ATPase 1 0.8 3UTR

AT1G43890 RABC1 RAB GTPASE HOMOLOG B18 0.55 mRNA

The table presents A. thaliana (At) gene IDs revealed by the AF-FST analysis, their allele states and genic regions.
†AFDMVA : Allele frequency difference of most variable allele.

TABLE 4 SNPs with non-synonymous mutations in the CDS regions of genes associated with induced defense against herbivores.

At Gene ID Gene† Gene function At pathway† AFDMVA
‡

AT3G03450 RGL2 RGA-like 2 GA transduction 0.65

AT3G47010 Glycosyl hydrolase family protein Phenylpropanoid biosynthesis 0.6

AT5G58784 Undecaprenyl pyrophosphate synthetase family protein Terpenoid synth. 0.55

AT5G60510 Undecaprenyl pyrophosphate synthetase family protein Terpenoid synth. 0.55

AT3G60120 BGLU27 B Glucosidase 27 Phenylpropanoid biosynthesis 0.6

AT4G34640 SQS1 Squalene synthase 1 Sesquiterpenoid and triterpenoid biosynthesis 0.75

AT2G24850 TAT3 Tyrosine aminotransferase 3 Isoquinoline alkaloid biosynthesis 0.7

AT3G24503 REF1 Aldehyde dehydrogenase 2C4 Phenylpropanoid biosynthesis 0.6

AT5G58860 CYP86A1 Cytochrome P450 Cutin synth. 0.85

AT4G26970 ACO2 Aconitase 2 Ethylene synthesis 0.6

AT5G65800 ACS5 ACC synthase 5 Ethylene synthesis 0.65

AT1G30100 NCED5 9-cis-epoxycarotenoid dioxygenase 5 Carotenoid biosynthesis 0.5

AT1G09730 SPF1 Cysteine proteinases superfamily protein 0.6

AT1G73260 KTI1 Kunitz trypsin inhibitor 1 0.5

AT3G16400 NSP1 Nitrile specifier protein 1 GS breakdown 0.55

AT3G14210 ESM1 Epithiospecifier modifier 1 GS breakdown 0.85

The table presents A. thaliana (At) genes and pathways revealed by the AF-FST analysis and their allelic states. Other loci causing synonymous mutations and SNPs in regulatory elements
are listed in the Supplementary Data Sheet 2, 3.
†Boxes remained blank where gene name was not found and when genes do not belong to defined pathways.
‡AFDMVA : Allele frequency difference of most variable allele.
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all involved in JA metabolism. Additional SNPs included a
synonymous mutation in the CDS regions of LOX2, and
other differentiated loci in genic regions were detected in
regulatory elements of JA metabolism and its transduction
pathway (Table 5).

Analysis of enrichment of cis
regulatory elements and stress
responsive transcription factors

The majority of the highly enriched CREs and TF binding
motifs detected by ShinyGO included members of the HD-
ZIP TF family, with eight belonging to the HD-ZIP I
subfamily (Supplementary Data Sheet 1, Table S5). Other
highly enriched CRE included TFs belonging to MADS box
and AT hook TF families, among others. ShinyGO also detected
12 highly enriched TFs which belong to 1,849 genes of the
STIFDB database (Table 6). TFs involved in hormone synthesis,
hormone transduction pathways and secondary metabolite
synthesis included 588 MYB gene family members, which bind
to four different CRE, as well as bHLH/MYC, NAC and bZIP
TFs. Other enriched stress responsive TFs included 505 HFS,
bHLH/MYC and AP2/DREB family members involved in the
regulation of plant response to abiotic stresses (Table 6), among
them MYB29 and MYB88 (Table 3 and see “Gene IDs and allelic
state” in Supplementary Data Sheet 2).

Discussion

This study describes signatures of adaptive genomic
differentiation in populations of E. sativa thriving in contrasting
Mediterranean and arid habitats. By employing various
investigative approaches to a large SNP dataset, our study
links genomic differentiation, phenotypic divergence, and
selection drivers to reveal footprints of selection in specific
genes that fulfill ecological requirements in distinct arid and
Mediterranean habitats of E. sativa.

Genetic divergence and signatures of
selection

The genome screen (Supplementary Data Sheet 1,
Table S3) and FE test of allele frequencies yielded 333,631
differentiated SNPs, out of which 98.1% were annotated to
the genome of E. vesicaria, thus indicating a relatively high
coverage of the de novo assembled genome in relation to
the reference. Overall, at the genome-wide level, low average
pairwise FST values for all the detected SNPs indicated relatively
low genetic differentiation between AR and MR populations,
supporting the results of a previous study (Westberg et al.,

2013). These results are primarily expected in self-incompatible
species with continuous distribution along a relatively short
and narrow distribution range [Table 1 and see Westberg et al.
(2013)]. However, despite the potential gene flow between
populations, nucleotide diversity values and the Watterson θw

parameter, as an estimator of mutation rate, as well as the allele
frequency AFDMVA values of the significantly differentiated
loci (below), indicated significant higher genetic diversity in
the arid genome pool than in the Mediterranean (Table 2;
Supplementary Data Sheet 2, 3). Similarly, microsatellite
polymorphism among populations of wild emmer wheat
(Triticum dicoccoides) in Israel showed higher diversity values
in peripheral sites exhibiting harsh conditions as compared
to populations from more favorable habitats (Fahima et al.,
2002). Thus, our results provide further evidence for the link
between genetic distribution and ecological heterogeneity in the
southeast Mediterranean, and in turn, selection.

Despite the generally low level of genome-wide genetic
differentiation (above), we discovered high FST values in
differentiated candidate loci, categorizing them as having a
higher probability of being actively selected. Furthermore,
significantly lower TD value in the MR pooled genome than in
the AR (Table 2) indicated that pooled MR genome evolved
under stronger directional selection pressure (Weedall and
Conway, 2010). Results of our recent study indicated that
arid populations of E. sativa possess higher phenological traits’
variation than a Mediterranean population (Bajpai et al., 2022).
Accordingly, we speculate that conditions in the Mediterranean
habitats led to the fixation of alleles and decreased levels
of genetic diversity, in comparison to populations in arid,
harsh and unpredictable conditions (Table 2). In addition,
the negative TD values in both regions (Table 2) suggest that
E. sativa experienced either selective sweeps in the recent past, or
recent expansion which resulted in decreased genetic variation,
something also shown in A. thaliana (Vasseur et al., 2018).

Further FST-based analysis of the differentiated loci,
and correlation of their allele frequency with environmental
variables, enabled the inference, detection and selection of
outlier loci that undergo natural selection (Kubota et al., 2015).
The AF-FST and EVA analyses indicated that differentiation
between the two genomes include high amounts of outlier loci
with associations to functional genes (Figure 1). Moreover,
the GO enrichment analysis linked a large number of the
differentiated SNPs to pathways associated with response to
abiotic stress, such as osmotic and salt stress (Figure 2A). In
addition, both the AF-FST and EVA analyses categorized the
annotated genomic regions with biotic interaction (Figure 2).
Similar studies that assessed genomic divergence between
populations of A. hallerii (Fischer et al., 2013; Kubota et al.,
2015) and Arabis alpina (Lobreaux and Miquel, 2020) along
topographical and climatic gradients, detected GO-enriched
pathways and candidate genes associated with various stress
responses. In E. sativa, signatures of genomic adaptations could
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TABLE 5 Loci associated with jasmonic acid metabolism and transduction pathway.

At Gene ID Gene name Gene function Genic region AFDMVA
† Syn/Non-

Syn

AF-FST AT1G73680 α-DOX2 Alpha dioxygenase 3UTR 0.6

AF-FST AT1G76680 OPR1 12-oxophytodienoate reductase 1 CDS 0.75 Non-Syn

AF-FST AT2G06050 OPR3 Oxophytodienoate-reductase 3 3UTR 0.8

AF-FST AT4G29010 AIM1 Enoyl-CoA hydratase/isomerase family 3UTR 0.65

AF-FST AT1G17420 LOX3 Lipoxygenase 3 CDS 0.55 Non-Syn

AF-FST AT3G17860 JAZ3 Jasmonate-zim-domain protein 3 3UTR 0.7

AF-FST AT1G30135 JAZ8 JASMONATE-zim-domain protein 8 CDS 0.6

AF-
FST /EVA

AT1G72520 LOX4 PLAT/LH2 domain-containing lipoxygenase family protein 3UTR 0.6

AF-
FST /EVA

AT5G13220 JAZ10 Jasmonate-zim-domain protein 10 3UTR 0.55

EVA AT1G13280 AOC4 Allene oxide cyclase 4 5UTR 0.6

EVA AT3G25770 AOC2 Allene oxide cyclase 2 CDS 0.5 Non-Syn

EVA AT3G25780 AOC3 Allene oxide cyclase 3 CDS 0.55 Non-Syn

EVA AT3G45140 LOX2 Lipoxygenase 2 CDS 0.65 Syn

EVA AT1G19180 JAZ1 Jasmonate-zim-domain protein 1 3UTR 0.75

EVA AT5G44420 PDF1.2 Plant defensin 1.2 Promoter 0.55

The table presents A. thaliana (At) gene IDs revealed by the AF-FST and EVA analyses, their genic regions, allele states and whether mutations in CDS regions are synonymous (Syn) or
non-synonymous (Non-Syn).
†AFDMVA : Allele frequency difference of most variable allele.

be assessed regarding abiotic (Westberg et al., 2013; Ogran et al.,
2021) and biotic conditions (Ogran et al., 2020).

Evidence of local adaptation

Among the 1,403 differential loci detected by the AF-FST

analysis, 24 loci were annotated to A. thaliana orthologues
involved in response to water deprivation (Table 3).
Furthermore, the majority of the candidate loci were situated
in CDS and regulatory regions of functional genes (Figure 1),
suggesting an impact of differential conditions on signatures of
local adaptation at the genomic level.

ABA is the major key phytohormone playing a role in the
regulation of plant response to abiotic stresses (Nakashima et al.,
2014; Clauw et al., 2015), mainly by inducing stomatal closure
under water stress and regulating stress-related responses
(Sreenivasulu et al., 2012). Transcriptional changes in plants
of E. sativa that were exposed to water deficiency included
significant induction in the expression of ABA1 in AR plants,
as compared to control and drought-exposed MR plants (Ogran
et al., 2021). Here, we show that genomic differentiation
between the two regions includes SNP mutations in regulatory
elements of ABA metabolism and signaling pathways (Table 3).
Furthermore, differentiated genomic regions also included SNPs
in regulatory elements of genes of the auxin and cytokinin
signaling pathways (Table 3), which possibly point to their
role in the regulation and modification of plant development
under stress conditions (Bielach et al., 2017). Signatures of local

adaption to abiotic conditions in candidate genes included those
involved in the response of plants to oxidative stress (GST1,
PAL1), as well as in important transcription factors (MYB, NAC,
bHLH/MYC, and ARF) (Tables 3, 6). Functional analysis studies
have shown that members of these TF families are involved in
the regulation of genes connected to phytohormone synthesis
and signaling transduction, consequently influencing plant
responses to both abiotic and biotic stress (see references cited
in Table 5). Thus, genomic differentiation can be associated
with abiotic selection factors linked to adaptive resilience
to water stress.

Genomic differentiation in loci linked
to induced defense against herbivores

One of the striking results of this study is the relatively
high number of differentiated loci detected in genes associated
with JA signaling and the biosynthesis of secondary metabolites
(Tables 4, 5; Supplementary Data Sheet 2, 3). In Brassicaceae,
glucosinolates are the main chemical metabolites produced
for defense against herbivores. The prominent glucosinolate
compound in leaves of E. sativa is the aliphatic 4-mercaptobutyl
glucosinolate (Bennett et al., 2002), and aliphatic glucosinolates
are more effective than indole glucosinolates against generalist
herbivores (e.g., Arany et al., 2008). Thus, the allelic differences
detected in the regulatory element BCAT-1 (Supplementary
Data Sheet 2), involved in chain elongation of aliphatic
methionine-derived glucosinolates (Schuster et al., 2006), can
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TABLE 6 List of enriched stress responsive transcription factors (TF), their obtained FDR values and the number of genes found for each TF group among those found in A. thaliana (At).

FDR # Genes # Genes in At TF CRE CREmotif Related pathways References

4.3× 10−8 258 2100 WRKY W box (T)TGAC(C/T) Pathogen-induced defense Chen et al., 2017

6.51× 10−8 295 2493 HSF HSE1 TTCNNGAAGAANNTTC Drought, cold, heavy-metal stress, and
oxidative stress responses

Chauhan et al., 2011

1.02× 10−5 173 1416 ARF AuxRE TGTCTC Auxin biosynthesis Freire-Rios et al., 2020

3.17× 10−5 261 2340 MYB MBS1 (T/C)AAC(G/T) G Cell cycle and development, primary and
secondary metabolism, abiotic and biotic
defense response, hormone synthesis, and
signal transduction

Cao et al., 2020; Wang
et al., 2021

1.35× 10−4 91 693 bHLH/MYC N box CACG(G/A)C Salt and drought response, jasmonate
signaling

Toledo-Ortiz et al., 2003;
Goossens et al., 2017; Fan
et al., 2021

1.79× 10−4 125 1029 NAC NAC box CATGTG Abiotic and biotic stress responses Yuan et al., 2019

1.83× 10−4 116 982 MYB MBS2 CC(T/A)ACC Cell cycle and development, primary and
secondary metabolism, abiotic and biotic
defense responses, hormone synthesis and
signal transduction

Cao et al., 2020; Wang
et al., 2021

5.52× 10−3 139 1276 MYB MBS3 TAACTG Cell cycle and development, primary and
secondary metabolism, abiotic and biotic
defense responses, hormone synthesis and
signal transduction

Cao et al., 2020; Wang
et al., 2021

1.10× 10−2 106 963 AP2/DREB CRT/DRE (A/G)CCGAC Drought response Xie et al., 2019

1.18× 10−2 103 938 bHLH/MYC G box CACGTG Drought response Toledo-Ortiz et al., 2003;
Goossens et al., 2017; Fan
et al., 2021

1.95× 10−2 110 1032 bZIP G box1 CCACGTGG Development, abiotic and biotic stress
responses

Droge-Laser et al., 2018

4.19× 10−2 72 667 MYB MBS4 CC(TA)AACC Cell cycle and development, primary and
secondary metabolism related, abiotic and
biotic defense responses, hormone synthesis
and signal transduction

Cao et al., 2020; Wang
et al., 2021

The cis regulatory element (CRE) and their motifs are also provided; relevant pathways are given in bold letters.
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be linked to the role of glucosinolate in defense against
herbivores, especially in MR plants (Ogran et al., 2016).
However, the defensive role of glucosinolates is attributed to
their hydrolysis products, mainly the toxic ITCs. The enzyme
myrosinase, and the associated nitrile-specifiers (NSP) and
epithiospecifier proteins (i.e., ESP and ESM), mediate the
hydrolysis of glucosinolates. In A. thaliana, allelic mutation
in the epithiospecifier protein (ESP) directs glucosinolate
hydrolysis to simple nitriles at the expense of ITCs (Lambrix
et al., 2001), thus increasing the susceptibility of the Ler ecotype
to generalist herbivores (Lambrix et al., 2001) but decreasing
oviposition by the specialist Pieris rapae (Mumm et al.,
2008). Similarly, non-synonymous mutations were detected
in the CDS loci of the epithiospecifier modifier 1 (ESM1)
and nitrile specifier protein (NSP1) (Table 4). Accordingly, it
can be concluded that the results of this study support the
assumption that the release of simple nitriles in AR defends
the plants from the specialist P. xylostella (Ogran et al.,
2016). Moreover, we have previously shown that differences
between populations in response to herbivory include higher
expression of trypsin and KUNITZ proteinase inhibitors in AR
than MR plants (Ogran et al., 2016, 2021). Thus, the non-
synonymous allelic differentiation in KTI1 (Table 4) suggest a
role of proteinase inhibitors as counter adaption to the specialist
herbivore (Travers-Martin and Muller, 2008) in the AR plants.
In addition, non-synonymous mutations in the cutin synthesis
gene (CYP86A1, Table 4), responsible for the thickening of
the epidermis cell walls, and close association between induced
activity of proteinase inhibitors and trichomes in plants of
E. sativa, suggest a potential role of mechanical defenses
against herbivores. However, it remains to be investigated
whether these defense mechanisms are effective against larvae
of P. xylostella, and whether differential expression of nitrile
specifier genes make the AR plants less apparent for oviposition
by specialist moth females.

Induced defenses against herbivores are regulated mainly
by the phytohormone JA and its interactions with ethylene
and salicylic acid. The crosstalk between JA with ABA is also
important in mediating plant response to specialist herbivores
(Vos et al., 2019) and in combined drought and herbivory
stress (Nguyen et al., 2016a,b). Regulation of phytohormone
synthesis mainly depends on different TFs, and transcriptional
regulators govern the crosstalk between them. The genomic scan
of populations across different elevations of Arabis alpina by
Lobreaux and Miquel (2020) emphasized the involvement of
the NAC062 TF in adaptation to climatic and biotic conditions.
Thus, allelic differences in SNP loci associated with various
TFs (Tables 3, 6), and transcriptional regulators such as JAZ
and PDF1.2 (Tables 4, 5) suggest that they are involved in
governing different defense responses in the two populations
(Ogran et al., 2016, 2019). Plants of E. sativa in both arid and
semi-arid habitats are often exposed to simultaneous abiotic and
biotic stress. In addition, an on-going investigation suggests that

differences between floral attraction traits, i.e., petal color and
scent (Barazani et al., 2019), might have evolved as a response to
different pollinators. Thus, our results support the assumption
that local adaptions mirror signatures of combined abiotic and
biotic conditions (Ogran et al., 2021).

Summary

The results of this study successfully linked genomic
differentiation in functional genes with environmental
conditions and known phenotypic divergence in induced
defenses, thus linking genomic differentiation with selection
factors. Genomic differentiation in the two contrasting
habitats of E. sativa, despite possible gene flow between sites,
addresses fundamental evolutionary processes of ecotypic
differentiation. These processes highlight the role of ecological
interactions in the alteration of CDS and regulatory genic
regions of functional genes involved in abiotic and biotic
plant interactions. However, whether the genomic scan can
be linked to signatures of selection of various other important
phenological or morphological life history traits that differ
between the AR and the MR populations (Barazani et al.,
2012, 2019; Hanin et al., 2013; Westberg et al., 2013) or plant
adaptations to different pollinators, remains to be investigated.
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