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Abstract 

Background: The aridity gradient in the eastern Mediterranean offers an opportunity to investigate intra-specific 
genetic differentiation and local adaptation in plant populations. Here we used genetic  (FST) and quantitative trait  (PST) 
differentiation to assess local adaptation among three natural populations of Eruca sativa (Brassicaceae) distributed 
along a climatic range representing desert, semi-arid and Mediterranean habitats.

Results: Amplified fragment length polymorphism (AFLP) analysis revealed high genetic diversity in each popula-
tion, but low genetic differentiation between populations and relatively high gene flow. Further phenotypic evalua-
tion in a common garden experiment (conduced in a Mediterranean habitat) showed clear differences in phenologi-
cal traits among populations (day of flowering and duration of the reproductive stage), shoot and root biomass, as 
well as fitness-related traits (total number of fruits and total seed weight).  FST–PST comparison showed that  PST values 
of the phenological traits, as well as below- and above-ground biomass and fitness-related traits, were higher than the 
 FST values.

Conclusions: Overall, our results support the identification of genotypic and phenotypic differentiation among 
populations of E. sativa. Furthermore, the  FST–PST comparison supports the hypothesis that these were subjected to 
past diversifying selection. Thus, the results clearly demonstrate adaptive divergence among populations along an 
aridity gradient, emphasize the ecological value of early flowering time in arid habitats, and contribute to our under-
standing of the possible impact of climate change on evolutionary processes in plant populations.
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Background
Adaptation to local environmental conditions—a per-
quisite for a plant’s long-term survival in any geographic 
region—requires intra-species variation in life-history 
traits [1–4]. Indeed, studies that investigated pheno-
typic differentiation covering a wide range of environ-
mental conditions and spatial scales, have shown that 
variation in flowering time in both annual and peren-
nial species is influenced by temperature [5–7] and 

precipitation gradients [8–10]. In addition, results of a 
study that tested root and shoot biomass of 239 species 
across a range of 1874 sites showed distinct patterns of 
plants allocating resources towards below-ground bio-
mass in stressful environments—clear evidence for the 
environmental effect on plant growth strategies [11]. The 
adaptive value and significance of these types of trait dif-
ferentiation can be determined by testing local selection 
processes. In addition, the study of intraspecific adapta-
tion along environmental gradients provides opportunity 
to identify local conditions supporting or resisting adap-
tive consistency [12].
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Phenotypic differentiation in quantitative traits can be 
caused either by selection or random genetic drift, but 
distinguishing between the two is often difficult [13]. A 
common but indirect approach to evaluate whether local 
adaptation has shaped genetic variation is to compare 
neutral genetic differentiation  (FST) with quantitative 
trait differentiation  (QST) assessed in common garden 
conditions [4, 8, 14, 15]. Alternative approaches to infer 
past selection also include phenotype or genotype based 
inference [16]. The first, is mainly limited to organisms 
having fast generation time and involves experimental 
systems for direct measurement of neutral divergence, 
such as mutation-accumulation and estimated time since 
divergence; estimations that usually are not easily avail-
able. The genotype-based approach is generally based on 
McDonald–Kreitman test or genome scan-outlier loci 
methods. However, these methods cannot be correlated 
with phenotypic traits, thus limiting their application 
when assessing the adaptive value of a trait of inter-
est. The  QST–FST approach thus offers better method 
for gauging past selection by providing the opportunity 
to link genetic differentiation with phenotypic traits. In 
addition,  QST reaches equilibrium faster than allele fre-
quencies at a specific QTL (quantitative trait loci) (tens 
rather than hundreds of generations), thus offering an 
advantage over genome scans. Furthermore, the  QST 
approach is more straightforward in comparison to other 
natural selection prediction methods where null (neutral) 
distributions are dependent on multiple assumptions 
[16].

The  QST–FST approach has been extensively and effec-
tively used in analyzing adaptation to local environmental 
conditions in 13 populations of two Antirrhinum majus 
subspecies distributed along an elevation gradient in 
Southern France [12]. This approach also demonstrated 
diversifying selection for phenology differentiation 
among nine populations of Silene ciliata in Spain distrib-
uted along elevation and temperature gradients [17], and 
for fitness-related traits among European populations of 
Campanula rotundifolia along varied climatic (tempera-
ture and precipitation) conditions [8]. Geographic and 
climatic gradients therefore offer a valuable framework 
to assess ecotypic differentiation in plant species and to 
identify corresponding adaptive traits [18, 19].

The steep aridity gradient in the eastern Mediterranean 
creates varied ecological clines over relatively short dis-
tances. Widely distributed species in this region, exhibit-
ing signatures of inter-population genetic differentiation 
of life history traits, can thus provide insights into the 
evolutionary processes that led to local adaptations. In 
this geographical range of increasing aridity to the south 
and east, the major limiting factor for plant growth and 
seed production is exposure to variable or unpredictable 

amounts of rainfall [20]. Indeed, several studies demon-
strated clear associations between climatic conditions in 
the eastern Mediterranean and flowering time of widely 
distributed species [10, 21–25], pointing to the ecologi-
cal importance of early flowering in ensuring plant fitness 
in arid environments. However, as far as we know, only 
two studies in this region employed  FST–QST analysis in 
the investigation of local adaptations, specifically several 
growth and reproductive life history traits among popu-
lations of Hordeum spontaneum [4, 26].

Eruca sativa Mill. (Brassicaceae) is an insect-polli-
nated self-incompatible winter annual species [27]. In 
the eastern Mediterranean, populations of E. sativa are 
distributed along a narrow geographical range from the 
southern Golan Heights in the north, to the Jordan Val-
ley in the south, across a steep north–south climatic gra-
dient changing from mesic Mediterranean to arid-hot 
desert conditions [20, 25]. We previously showed phe-
nological and phenotypical variations among popula-
tions of E. sativa along this aridity gradient [25, 28–30]. 
More recently, we also reported on genetic differentiation 
and additive genetic variance for flowering time plastic-
ity in response to the plant hormone jasmonate in these 
populations [31]. To gain more insight into the evolution-
ary responses that led to ecotypic differentiation, in this 
study we investigated whether variation in phenological 
and associated fitness-related traits in E. sativa popula-
tions have been under past selection. To this aim, we 
investigated three populations across an aridity gradient 
of Mediterranean, semi-arid and desert habitats (Fig.  1 
and Additional file 1: Table S1). These populations repre-
sent the main different genetic clusters of E. sativa along 
the investigated geographical range [25]. A combined 
approach of molecular marker differentiation with quan-
titative trait differentiation analysis, conducted in a com-
mon garden experiment, helped us infer differentiation in 
adaptive traits.

Results
Genetic diversity and genetic differentiation 
among populations
Amplified fragment length polymorphism (AFLP) was 
selected as the marker of choice for this study, as it pro-
vides robust polymorphism with no prior genomic infor-
mation, and thus offering a relatively quick mean to 
understanding genetic variation. The analysis, with six 
different primer combinations, yielded 90 loci that could 
be reliably scored (Additional file 2), of which 84% were 
polymorphic at the 93.33% level.

Overall, the genetic diversity parameters (number 
of polymorphic loci, percentage of polymorphic loci, 
Nei’s gene diversity and Shanon information index) 
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were relatively high in all three populations (Table  1). 
The semi-arid population (Bet Shean, BS) showed low 
genetic diversity as compared to the desert (Sartaba, SA) 
and Mediterranean (Ein Gev, EG) populations. How-
ever, these differences were not significant (see Table 1). 

Further analysis of molecular variance (AMOVA) 
showed overall high variance within populations (15.022) 
in comparison to the variance among populations (1.211) 
(Additional file 1: Table S2). The overall genetic differen-
tiation  (FST = 0.04) among populations was relatively low 
[32], which was evident from the high level of gene flow 
(12.50) (Table 1).

Phenotypic variation among populations of E. sativa
Phenotypic evaluation was assessed in two common 
garden experiments conducted in field and net-house 
conditions, respectively. At the field site we monitored 
phenological traits from the onset to the end of the 
reproduction phase. Potted plants in the net-house ena-
bled us to determine the biomass of roots and shoots, 
and assess fitness-related traits (fruit set and seed mass), 
as all plants in the field gained substantial masses.

Results of the common garden field experiment 
showed that among the three populations, plants of the 
SA desert population showed the earliest onset of flower-
ing (68–85 days). Plants of the Mediterranean population 
(EG) showed a narrower variation in the onset of flow-
ering (81–89  days, excluding a single outlier) and dura-
tion of flowering (71–81 days, excluding the outlier); the 
widest variation in these two traits were found in plants 
of the BS semi-arid population (71–96 and 61–95  days, 
respectively) (Fig.  2). The end of flowering ranged 
between 154–162 days after germination in plants of the 
SA population, while variations in the other two popu-
lations were comparatively smaller (Fig.  2). A further 
log-rank test applied to Kaplan–Meier survival curves 
(Fig. 3 and Additional file 1: Table S3) revealed that day 
of flowering and the duration of flowering significantly 
differed among the three populations (χ2 = 13.68, P < 0.05 
and χ2 = 10.89, P < 0.05, respectively), while no significant 
difference was found in the day when flowering ended 
(χ2 = 0.07, P > 0.05).

Other phenotypic characteristics, i.e., plant biomass, 
the total number of fruits and total seed weight, were 
assessed in the potted net-house experiment. Plants of 
the desert population (SA) produced significantly higher 

Fig. 1 Geographical locations of three populations in the eastern 
Mediterranean: Sartaba (SA), Bet Shean (BS) and Ein Gev (EG). The 
locations of nearest metrological station (MS) from which climatic 
information was gathered is also presented

Table 1 Genetic diversity values of the three populations of E. sativa; 95% upper and lower confidence intervals (CI) are also provided 
in brackets

NPL: number of polymorphic loci; PPL: percentage of polymorphic loci; H: Nei’s gene diversity; I: Shanon information index
a Expressed as mean ± standard deviation

N NPL PPL (%) Ha (CI) Ia (CI) FST (CI) Gene flow

Ein Gev 22 86 95.56 0.3542 ± 0.1449 (0.3239–0.3846) 0.5238 ± 0.1869 (0.4846–0.5629) 0.04 (− 0.0083–
0.0077)

12.50

Bet Shean 27 82 91.11 0.3378 ± 0.1609 (0.3041–3715) 0.4994 ± 0.2138 (0.4547–0.5442)

Sartaba 24 84 93.33 0.3478 ± 0.1513 (0.3161–0.3795) 0.5142 ± 0.1984 (0.4726–0.5557)

Average 84 93.33 0.3466 ± 0.0083 (0.3284–0.3648) 0.5125 ± 0.0123 (0.4886–0.5364)
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Fig. 2 Box-plot showing variation in phenology traits in the three E. sativa populations (N = 20 for each population): A Onset of flowering, B 
Duration of flowering, and C End of flowering. Onset and end of flowering are presented as days after germination (dag). Duration of flowering is 
presented as days between onset of flowering and end of flowering; (○) presents outlier values

Fig. 3 Kaplan–Meier non-parametric survival curves and P values (based on the Log-Rank test) comparing flowering phenology traits in three 
populations of E. sativa: A Onset of flowering, B Duration of flowering, and C End of flowering. Onset and end of flowering are presented as days 
after germination (dag). Duration of flowering is presented as days between onset of flowering and end of flowering
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shoot (F = 15.48, df = 2, P < 0.05) and root (F = 14.98, 
df = 2, P < 0.05) dry biomass as compared to plants of the 
other two populations (Fig.  4). No significant difference 
(F = 0.467, df = 2, P = 0.63) was found between plants of 
the three populations in root to shoot ratio, but the total 
number of fruits per plant (F = 6.57, df = 2, P < 0.05) dif-
fered significantly among plants of the three populations 
(Fig.  4). Consequently, the total seed weight per plant 
(F = 11.88, df = 2, P < 0.05) was significantly higher in 
plants of semi-arid and desert populations than in plants 
of the Mediterranean population (Fig. 4).

Environmental data
Information gathered from meteorological stations 
located in geographical vicinity of the investigated pop-
ulations provides information about the climatic gradi-
ent in the 20 years preceding seed collection (Additional 
file 1: Fig. S1). The data from these sites indicate a trend 
of declining rainfall and increasing average winter tem-
perature in the Mediterranean and semi-arid habitats, 
while an opposite trend in rainfall is observed in the 
desert habitat.

Assessing past selection
Comparisons between neutral genetic differentiation 
 (FST) and quantitative trait differentiation  (QST) are 
widely used to test for past selection on traits [8, 14, 15]. 
In our study we lacked the necessary kinship informa-
tion, i.e., phenotypic measurements in half-sib or full-
sib families, (e.g. [4]) for  QST. However, as suggested by 
Leinonen et al. [33],  QST can be estimated using the  PST 
approximation. The  PST values of each of the phenotypic 
measurements, i.e., phenological traits (onset of flower-
ing, its duration, and the end of the flowering stage), root 
and shoot biomass, as well as fitness-related traits (total 
average number of fruits and total seed weight) were cal-
culated and compared to the obtained  FST values. The 
results showed that the  PST of the onset and duration of 
flowering exceeded the molecular marker differentiation 
 (FST) for the c/h2 range of 0.5–1.0 (i.e.,  PST >  FST, diver-
sifying selection) (Fig.  5 and see more information on 
c/h2 in “Methods”). However, the  PST value for the end 
of flowering was lower than  FST, indicating a stabilizing 
selection of this trait. All fitness-related traits, below- 
and above-ground biomass, total number of fruits, and 
total seed weight per plant showed higher  PST values in 
comparison to  FST.

Fig. 4 Box-plot showing variation in plant fitness related traits in the Mediterranean (EG), semi-arid (BS) and desert (SA) populations of E. sativa 
(N = 10 for each population): A Root dry weight (g); B Shoot dry weight (g); C Total number of fruits; and D Total seed weight (g); (○) presents 
outlier values. Different letters above each box represent significant differences (ANOVA Tukey post-hoc range test, P < 0.05)
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Discussion
The common garden experiments clearly demonstrated 
phenotypic differentiation among populations of E. sativa 
along their distribution range over a gradient of climatic 
conditions and ecological pressures [25, 31]. Early flower-
ing differentiated the desert population of E. sativa (SA) 
from populations from semi-arid and Mediterranean 
habitats with more favorable conditions (BS and EG). 
Similar results were obtained when plants of various pop-
ulations of E. sativa were grown from seeds lots that were 
produced under similar conditions [25]. Thus, by reduc-
ing the possibility of maternal effect, the results sug-
gested on genetic differentiation in phenological traits. 
Moreover, we previously reported additive genetic vari-
ation in arid and Mediterranean populations of E. sativa 
[31]. Thus, all together, our results indicate evolutionary 
divergence between populations of E. sativa along the 
species distribution range in the east Mediterranean.

It is accepted that an earlier transition to reproduction 
is a stress avoidance strategy associated with increasing 
aridity, one that reduces the probability of reproductive 
failure during a shorter life cycle in arid conditions [23, 
34]. Thus, our results support previous studies demon-
strating the eco-physiological role of early flowering in 
annual populations at arid sites (e.g., [21, 23, 24, 35, 36]). 
In addition, plants of the more arid populations (SA and 

BS) showed substantially higher variation in phenological 
traits compared to plants of the Mediterranean popula-
tion. Therefore, our results support the marginal-central 
concept, suggesting that harsh and unpredicted climatic 
conditions favor the accumulation of diversity within a 
population [37].

Despite the expected shorter duration of flowering with 
increasing aridity [38–40], the reproduction phase of 
the desert population (SA) was longer than plants from 
more humid environments. It is possible that the longer 
duration of flowering in plants of the desert population 
reflects the relatively favorable conditions in the common 
garden experiment. However, Pau et al. [41] emphasized 
the relative importance of biotic drivers that change over 
the growing season to the shaping of phenological traits. 
Thus, the relative role of plant community structure, her-
bivore pressure and pollinator availability that differenti-
ate the desert and Mediterranean populations of E. sativa 
[25, 28, 31] cannot be ruled out. Nevertheless, the differ-
ences between flowering duration in the three popula-
tions led to almost twice the reproductive biomass (total 
seed weight per plant) of the arid and semi-arid popula-
tions (SA and BS) in comparison to the Mediterranean 
population. It was previously suggested that in more 
productive environments plants need to invest more in 
vegetative growth to withstand higher neighbor densities 

Fig. 5 PST (solid line) and  FST (dotted line) graphical comparisons for phenotypic traits in the three E. sativa populations. The dashed line indicates 
the  PST 95% confidence intervals, and the grey area indicates the probable range for c/h2 between 0.5 and 1.0



Page 7 of 10Bajpai et al. BMC Ecology and Evolution           (2022) 22:40  

and competition [36, 42], whereas plants from arid envi-
ronments can allocate more of their above ground bio-
mass to seed production [22, 36, 42, 43]. Accordingly, 
it is expected that in arid habitats, resource allocation 
towards root growth would be higher in comparison to 
above-ground biomass, and vice versa in more mesic 
environments [44, 45]. In contrast to the classic theory of 
optimal resource partitioning, no significant differences 
were found in root to shoot biomass among the plants of 
the three populations. However, this could be the result 
of the relative favorable conditions in the common gar-
den experiment, which may have an impact on plastic 
response of root traits [46].

AFLP analysis provided a robust estimation of genetic 
parameters that showed high genetic diversity in popu-
lations of E. sativa, which were further substantiated by 
the high molecular variance within the populations, and 
low  FST values. Although there was significant gene flow 
between populations, our results show that most of the 
measured phenotypic traits were subject to past diver-
sifying selection. Similarly, Volis et  al. [4] demonstrated 
adaptive genetic differentiation in several life history 
traits (e.g., number of spikelets, tiller height, leaf length 
and width, etc.) among 20 populations of H. spontaneum 
in the eastern Mediterranean. It is generally believed 
that gene flow and local selection pressures are oppo-
site effects which can counteract each other [47–49]. 
Thus, it is reasonable to assume that phenotypic adap-
tive divergence among populations of H. spontaneum can 
be linked to the limited gene flow in this self-pollinated 
species. However, our results, showing genetic differen-
tiation in a self-incompatible species within considerably 
short geographical distances between populations [25], 
support previous studies demonstrating the importance 
of environmental factors as divergent and effective selec-
tive pressures that shape phenotypic differentiation [17, 
50]. Further, considering the trends in declining precipi-
tation and rising temperatures during the last 20  years 
in the study region, our results add to the accumulated 
knowledge of the possible impact of climate change on 
intraspecific genetic diversity [51, 52].

Conclusion
The combined approach of quantitative trait differen-
tiation  (PST) and  FST estimates highlighted the adaptive 
role of flower phenology, growth and fitness-related 
traits in the adaptation of populations of E. sativa to 
local conditions in the eastern Mediterranean. Thus, 
the results support the hypothesis that phenotypic 
divergence evolved as a result of past diversifying selec-
tion, possibly imposed by an aridity gradient. How-
ever, to better infer on the impact of specific climatic 

variable(s) on phenotypic differentiation a more elab-
orated geographical sampling is needed, covering a 
higher number of populations. Further research involv-
ing reciprocal transplanting experiments at the differ-
ent sites, as well as under controlled conditions, are 
also needed to confirm and evaluate the evolutionary 
resilience of populations from different environments 
[17, 53], which are especially important in the scope of 
global climate change [54].

Methods
The studied sites and plant material
Leaves and seeds of Eruca sativa were sampled from 
three different sites along the Jordan Valley: Ein Gev 
(EG), Bet Shean (BS) and Sartaba (SA), representing 
an aridity gradient of Mediterranean, semi-arid and 
desert habitats, respectively (Fig.  1 and Additional 
file 1: Table S1). Dr. Jotham Ziffer-Berger, the associate 
curator at the herbarium of the Steinhardt Museum of 
Natural History, Tel Aviv University (https:// smnh. tau. 
ac. il/ en/ resea rch- at- smnh-2/ the- museum- colle ctions/ 
herba rium- colle ction/) verified the identification of E. 
sativa, where a voucher specimen was deposited (TELA 
2918). The three populations represent the different 
genetic clusters of E. sativa along the investigated geo-
graphical range [25]. For the genetic analysis (below), 
we collected leaf samples in January 2016. Leaf samples 
were collected from 22–27 plants of each population 
(Table 1) and stored at − 80 °C before DNA extraction. 
At the end of the growing season, in May 2016, seeds 
were collected on the same day from 30 plants at each 
site. An equal number of seeds per plant were pooled 
together to create one seed lot per population. The seed 
lots were used in the common garden experiments, 
described below. The studied protocols complied with 
relevant institutional, national, and international guide-
lines and legislation. Plant material was collected under 
a permit granted by the Israel Nature and National 
Parks Protection Authority (permit #2016/41368).

Abiotic environmental parameters that distinguish 
the three natural habitats, i.e., annual rainfall, average 
temperature during the growing season and soil salinity 
[25] were gathered from the Geographic Information 
System Center Database, Hebrew University of Jerusa-
lem, and from Westberg et  al. [25]. In addition, infor-
mation on yearly amount of rainfall and average daily 
temperatures at the peak of growing season (January) 
were gathered from meteorological stations located 
nearby the investigated natural sites, allowing infer-
ences about climatic conditions over the last 20 years.

https://smnh.tau.ac.il/en/research-at-smnh-2/the-museum-collections/herbarium-collection/
https://smnh.tau.ac.il/en/research-at-smnh-2/the-museum-collections/herbarium-collection/
https://smnh.tau.ac.il/en/research-at-smnh-2/the-museum-collections/herbarium-collection/
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Common garden experiments
Seeds of each of the three populations were placed in 
Petri dishes on water-saturated filter paper and germi-
nated in a growth chamber at 25 °C with an 8/16 h day/
night photoperiod. Four-day-old seedlings were trans-
ferred to germination trays, and after 2  weeks were 
transplanted to either the experimental field site at the 
Agricultural Research Organization (ARO) (Additional 
file  1: Table  S1), or into 2  L pots containing a mixture 
of 50% peat, 30% tuff and 20% perlite (Shacham, Israel). 
The potted seedlings (one seedling per pot) were placed 
in a roof-covered net-house. Potted plants were irrigated 
daily (150  mL/day) with an automatic drip irrigation 
system, conditions previously found to be optimal for 
growth of E. sativa in this potting soil mixture [25]. Both 
the field and net-house experiments included 20 plants 
from each population, arranged in a randomized order. 
The two experiments took place between December 2017 
and March 2018.

In the field experiment, plants were planted 1 m apart. 
The monthly distribution of rainfall between December 
2017 to March 2018 was 57.6, 179.9, 85.0 and 5.5 mm per 
month, respectively. At this site, which is in a Mediter-
ranean environment (Additional file  1: Table  S1), plants 
were grown on well-drained sandy soil, different from 
the substrates and climatic conditions in their natural 
habitats [25]. Under such edaphic conditions, and as 
rain events were not distributed evenly, it was neces-
sary to irrigate the plants once every three days in order 
to ensure plants survived during droughts longer than 
1 week. The plants were monitored daily, and the onset 
and end of flowering were determined as days after ger-
mination. Duration of flowering was determined as the 
number of days elapsed between the onset and end of 
flowering (determined when the last flowers wilted).

In the net-house pots experiment, 10 plants were har-
vested on the day of flowering and roots and shoots 
were separated. Roots were washed in water and the 
dry weight (g) of the roots and shoots of each harvested 
plant was determined after drying for 48 h at 70 °C. The 
remaining 10 plants of each population were allowed to 
continue to grow and used for the assessment of plant 
fitness, by counting the total number of fruits and deter-
mining the total seed weight of each plant; seeds were 
cleaned from plant debris by passing them through sieves 
(up to a mesh-size of 1.0 mm).

The variation of the three phenological traits, below- 
and above-ground biomass, and fitness-related traits, 
were assessed by box-plot. The Kaplan Meier survival 
curve analysis was applied to assess differences in the 
three phenological traits, as these trait variables are time-
to-event data. The Kaplan Meier analysis was imple-
mented based on Cox proportion hazards regression 

models by treating population as a fixed factor. Further, 
a log-rank (Mantel–Cox) test was used to test for signifi-
cance of the results. In addition, one way ANOVA was 
applied to test for significant difference in root and shoot 
weights and fitness-related traits (IBM SPSS Statistics 
Inc., ver. 23) by keeping population as a fixed factor.

DNA extraction and AFLP analysis
DNA from the sampled leaves was extracted with the 
DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). 
AFLP analysis was carried out using the methodology 
described by Westberg et  al. [25]. Restriction and liga-
tion of DNA to adapters was carried out simultaneously 
(EcoRI, 5′-CTC GTA GAC TGC GTACC-3′/5′-A ATT 
GGT ACG CAG TC-3′; MseI, 5′-GAC GAT GAG TCC 
TGAG-3′/5′-TAC TCA GG ACTCT-3′) at 23  °C for 14 h. 
The pre-selective amplification was performed with the 
primers E01 (5′-GAC TGC GTA CCA ATTCA-3′) and 
M02 (5′-GAT GAG TCC TGA GTAAC-3′), and the prim-
ers E37 (E01 + CG), E39 (E01 + GA), and E45 (E01 + TG) 
were used in the selective amplification in combination 
with M54 (M02 + CT) and M55 (M02 + GA), to provide 
six different combinations. The AFLP products were 
separated on an ABI 3100 automated sequencer (Applied 
Biosystems, ABI, Weiterstadt, Germany) as a multiplex 
of three primer combinations labeled with fluorescent 
dyes (6-FAM, NED, and HEX; Applied Biosystems, ABI), 
together with an internal size standard labeled with ROX 
(ROX 500; Applied Biosystems, ABI). Electropherograms 
were scored automatically with Genmarker 1.75 (Soft-
Genetics, State College, PA) and corrected manually.

The banding patterns obtained from the AFLP analysis 
were scored as present (1) or absent (0), each of which 
was treated with an independent character (Additional 
file 2). POPGENE version 1.32 [55] was used to calculate 
the different genetic diversity parameters: number of pol-
ymorphic loci (NPL), percentage polymorphic loci (PPL), 
Nei’s gene diversity (H), Shannon’s information index (I) 
and gene flow. The SPSS program was used to calculate 
confidence intervals (95%) for genetic diversity indices 
by 1000 bootstraps. The partitioning of genetic vari-
ability was calculated by analysis of molecular variance 
(AMOVA) using the GenAlEx program, version 6.3 [56].

The  FST genetic differentiation coefficient proposed by 
Wright [57] was further used to test differentiation at the 
genetic level.  FST was calculated using the AFLP-SURV 
program (https:// www2. ulb. ac. be/ scien ces/ lagev/ aflp- 
surv. html) which implements the procedure proposed by 
Lynch and Milligan [58]. In this program, Bayesian sta-
tistics with non-uniform prior distribution were applied, 
considering a random mating population [fixed inbreed-
ing coefficient  (FIS) value as 0]; 500 permutations were 
applied with 95% confidence intervals.

https://www2.ulb.ac.be/sciences/lagev/aflp-surv.html
https://www2.ulb.ac.be/sciences/lagev/aflp-surv.html
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Estimation of quantitative trait differentiation (PST)
Following Morente-López et  al. [16],  PST was cal-
culated using the equation: PST = c/h2 × VC/(c/
h2 × VC + 2 × VCerror), in which VC is the phenotypic 
variance component of the population, VCerror is the 
residual variance, h2 is the proportion of phenotypic 
variance that is due to additive genetic effects within 
population, and c is the proportion of total variance 
that is presumed to be due to the additive genetic effect 
among populations. The c/h2 range of 0 to 2 was used 
for estimation of  PST, which is generally smaller than 
1.0, since trait heritability is usually lower among popu-
lations than within populations [59]. Variance compo-
nents (VC), used for estimation of  PST, were obtained 
from a random intercept of the generalized linear 
mixed model (GLMM). The GLMM model was imple-
mented using the lmer function in the R-package lme4 
version 1.1-21 [60]. In GLMM, restricted maximum 
likelihood method (REML) was used for estimation of 
trait variance. GLMM was built using random inter-
cept model, by considering the phenotypic parameter 
as a response variable and the population as predictor 
variable. The values of VC used for calculation of  PST 
are given in Additional file 1: Table S4.  PST confidence 
intervals (95%) were obtained by 1000 bootstrap itera-
tions of the original data. Finally, for inferring past 
diversifying selection, the following criteria were used: 
(1)  PST >  FST, for diversifying selection; (2)  PST =  FST, for 
inferring that the trait differentiated neutrally; and (3) 
 PST <  FST, for stabilizing selection [14].

Abbreviations
AFLP: Amplified fragment length polymorphism; AMOVA: Analysis of 
molecular variance; BS: Bet Shean; CI: Confidence intervals; DAG: Days after 
germination; EG: Ein Gev; GLMM: Generalized linear mixed model; NPL: Num-
ber of polymorphic loci; PPL: Percentage polymorphic loci; SA: Sartaba; REML: 
Restricted maximum likelihood method.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12862- 022- 01996-w.

Additional file 1: Table S1. The investigated populations of E. sativa, their 
location, the annual precipitation, soil salinity and average temperature 
at the growing season. The conditions at the agricultural experimental 
field site (ARO) is also provided. Table S2. Analysis of molecular variance 
in populations of E. sativa. Table S3. Log-rank test applied on Kaplan–Meir 
survival curves for the measured phenological traits: the onset, duration 
and end of flowering (*P < 0.05). Table S4. Variance components of the 
tested phenological traits calculated using the generalized linear mixed 
model (GLMM). Figure S1. Annual rainfall (mm) and the average daily 
temperature in January at the natural sites of E. sativa in the 20 years that 
preceded the sampling. Data was obtained from meteorological stations 
located in vicinity to the studied sites.

Additional file 2. An Excel file with the list of the AFLP scored loci.

Acknowledgements
Many thanks to Dr. Zach Dunseth for his valuable assistance in editing the 
original manuscript.

Authors’ contributions
OB conceived this study. NH collected the samples and ran the AFLP analysis 
together with GD. HWe conducted the common garden experiment and 
PKB performed the analysis and wrote the manuscript with the assistance of 
HWa. All co-authors approved submission to BMC Ecology and Evolution. All 
authors read and approved the final manuscript.

Funding
This research study was supported by the Chief Scientist of the Ministry of 
Agriculture and Rural Development (Grant no. 20-10-0053).

Availability of data and materials
All relevant data supporting our findings are presented in the article, addi-
tional information and additional Excel file. All laboratory protocols used in 
this study are available upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 9 June 2021   Accepted: 22 March 2022

References
 1. Clausen J, Keck DD, Hiesey WM. Experimental studies on the nature of 

species. I. Effect of varied environments on western North American 
plants. Washington, DC: Carnegie Institution of Washington; 1940.

 2. Dudley SA, Schmitt J. Genetic differentiation in morphological responses 
to simulated foliage shade between populations of Impatiens capensis 
from open and woodland sites. Funct Ecol. 1995;9:655–66.

 3. Schlichting CD. The evolution of phenotypic plasticity in plants. Annu Rev 
Ecol Syst. 1986;17:667–93.

 4. Volis S, Yakubov B, Shulgina I, Ward D, Mendlinger S. Distinguishing adap-
tive from nonadaptive genetic differentiation: comparison of  QST and  FST 
at two spatial scales. Heredity. 2005;95:466–75.

 5. Daru BH, Kling MM, Meineke EK, van Wyk AE. Temperature controls 
phenology in continuously flowering Protea species of subtropical Africa. 
Appl Plant Sci. 2019;7:e1232.

 6. Dunnell KL, Travers SE. Shifts in the flowering phenology of the northern 
great plains: patterns over 100 years. Am J Bot. 2011;98:935–45.

 7. Miller-Rushing AJ, Primack RB. Global warming and flowering times in 
Thoreau’s Concord: a community perspective. Ecology. 2008;89:332–41.

 8. Preite V, Stöcklin J, Armbruster GF, Scheepens J. Adaptation of flowering 
phenology and fitness-related traits across environmental gradients in 
the widespread Campanula rotundifolia. Evol Ecol. 2015;29:249–67.

 9. Scheepens J, Stöcklin J. Flowering phenology and reproductive fitness 
along a mountain slope: maladaptive responses to transplantation to a 
warmer climate in Campanula thyrsoides. Oecologia. 2013;171:679–91.

 10. Volis S. Correlated patterns of variation in phenology and seed produc-
tion in populations of two annual grasses along an aridity gradient. Evol 
Ecol. 2007;21:381–93.

 11. Qi Y, Wei W, Chen C, Chen L. Plant root-shoot biomass allocation over 
diverse biomes: a global synthesis. Glob Ecol Conserv. 2019;18:e00606.

 12. Marin S, Archambeau J, Bonhomme V, Lascoste M, Pujol B. Evolutionary 
inference from  QST–FST comparisons: disentangling local adaptation from 
altitudinal gradient selection in snapdragon plants. bioRxiv. 2018;385377.

https://doi.org/10.1186/s12862-022-01996-w
https://doi.org/10.1186/s12862-022-01996-w


Page 10 of 10Bajpai et al. BMC Ecology and Evolution           (2022) 22:40 

 13. Turelli M, Gillespie JH, Lande R. Rate tests for selection on quantita-
tive characters during macroevolution and microevolution. Evolution. 
1988;42:1085–9.

 14. Merilä J, Crnokrak P. Comparison of genetic differentiation at marker loci 
and quantitative traits. J Evol Biol. 2001;14:892–903.

 15. Ye Q, Tang F, Wei N, Yao X. Molecular and quantitative trait variation 
within and among small fragmented populations of the endangered 
plant species Psilopeganum sinense. Ann Bot-Lond. 2014;113:79–86.

 16. Leinonen T, McCairns R, O’hara RB, Merilä J.  QST–FST comparisons: evo-
lutionary and ecological insights from genomic heterogeneity. Nat Rev 
Genet. 2013;14:179–90.

 17. Morente-López J, Scheepens J, Lara-Romero C, Ruiz-Checa R, Tabarés P, 
Iriondo JM. Past selection shaped phenological differentiation among 
populations at contrasting elevations in a Mediterranean alpine plant. 
Environ Exp Bot. 2020;170:103894.

 18. Endler JA. Natural selection in the wild. Princeton: Princeton University 
Press; 1986.

 19. Kurze S, Bareither N, Metz J. Phenology, roots and reproductive alloca-
tion, but not the LHS scheme, shape ecotypes along an aridity gradient. 
Perspect Plant Ecol. 2017;29:20–9.

 20. Goldreich Y. The climate of Israel: observation, research and application. 
New York: Springer; 2003.

 21. Aronson J, Kigel J, Shmida A, Klein J. Adaptive phenology of desert and 
Mediterranean populations of annual plants grown with and without 
water-stress. Oecologia. 1992;89:17–26.

 22. Aronson JA, Kigel J, Shmida A. Comparative plant sizes and reproductive 
strategies in desert and Mediterranean populations of ephemeral plants. 
Israel J Bot. 1990;39:413–30.

 23. Kigel J, Konsens I, Rosen N, Rotem G, Kon A, Fragman-Sapir O. Relation-
ships between flowering time and rainfall gradients across Mediterra-
nean-desert transects. Israel J Ecol Evol. 2011;57:91–109.

 24. Petrů M, Tielbörger K, Belkin R, Sternberg M, Jeltsch F. Life history variation 
in an annual plant under two opposing environmental constraints along 
an aridity gradient. Ecography. 2006;29:66–74.

 25. Westberg E, Ohali S, Shevelevich A, Fine P, Barazani O. Environmental 
effects on molecular and phenotypic variation in populations of Eruca 
sativa across a steep climatic gradient. Ecol Evol. 2013;3:2471–84.

 26. Volis S. Adaptive genetic differentiation in a predominantly self-pol-
linating species analyzed by transplanting into natural environment, 
crossbreeding and  QST–FST test. New Phytol. 2011;192:237–48.

 27. Zohary M. Flora Palaestina, vol. 1. Jerusalem: The Israel Academy of Sci-
ences and Humanities; 1966.

 28. Barazani O, Erez T, Ogran A, Hanin N, Barzilai M, Dag A, Shafir S. Natural 
variation in flower color and scent in populations of Eruca sativa (Brassi-
caceae) affects pollination behavior of honey bees. J Insect Sci. 2019;19:6.

 29. Barazani O, Quaye M, Ohali S, Barzilai M, Kigel J. Photo-thermal regulation 
of seed germination in natural populations of Eruca sativa Miller (Bras-
sicaceae). J Arid Environ. 2012;85:93–6.

 30. Ogran A, Landau N, Hanin N, Levy M, Gafni Y, Barazani O. Intraspecific 
variation in defense against a generalist lepidopteran herbivore in popu-
lations of Eruca sativa (Mill.). Ecol Evol. 2016;6:363–74.

 31. Ogran A, Conner J, Agrawal AA, Barazani O. Evolution of phenotypic 
plasticity: Genetic differentiation and additive genetic variation for 
induced plant defence in wild arugula Eruca sativa. J Evolution Biol. 
2020;33:237–46.

 32. Hartl DL, Clark AG. Principles of population genetics, vol. 116. Sunderland: 
Sinauer associates; 1997.

 33. Leinonen T, Cano JM, Mäkinen H, Merilä J. Contrasting patterns of body 
shape and neutral genetic divergence in marine and lake populations of 
threespine sticklebacks. J Evol Biol. 2006;19:1803–12.

 34. Franks SJ. Plasticity and evolution in drought avoidance and escape in 
the annual plant Brassica rapa. New Phytol. 2011;190:249–57.

 35. Del Pozo A, Ovalle C, Aronson J, Avendano J. Ecotypic differentiation in 
Medicago polymorpha L. along an environmental gradient in central Chile. 
II. Winter growth as related to phenology and temperature regime. Plant 
Ecol. 2002;160:53–9.

 36. Liancourt P, Tielbörger K. Competition and a short growing season lead 
to ecotypic differentiation at the two extremes of the ecological range. 
Funct Ecol. 2009;23:397–404.

 37. Volis S, Mendlinger S, Olsvig-Whittaker L, Safriel UN, Orlovsky N. Pheno-
typic variation and stress resistance in core and peripheral populations of 
Hordeum spontaneum. Biodivers Conserv. 1998;7:799–813.

 38. Arroyo MTK, Armesto JJ, Villagran C. Plant phenological patterns in the 
high Andean Cordillera of central Chile. J Ecol. 1981;69:205–23.

 39. Bock A, Sparks TH, Estrella N, Jee N, Casebow A, Schunk C, Leuchner 
M, Menzel A. Changes in first flowering dates and flowering dura-
tion of 232 plant species on the island of Guernsey. Glob Change Biol. 
2014;20:3508–19.

 40. Primack RB. Longevity of individual flowers. Annu Rev Ecol Syst. 
1985;16:15–37.

 41. Pau S, Wolkovich EM, Cook BI, Davies TJ, Kraft NJB, Bolmgren K, Betancourt 
JL, Cleland EE. Predicting phenology by integrating ecology, evolution 
and climate science. Glob Change Biol. 2011;17:3633–43.

 42. Aronson J, Kigel J, Shmida A. Reproductive allocation strategies in desert 
and Mediterranean populations of annual plants grown with and without 
water-stress. Oecologia. 1993;93:336–42.

 43. Hickman JC. Environmental unpredictability and plastic energy allocation 
strategies in the annual Polygonum cascadense (Polygonaceae). J Ecol. 
1975;63:689–701.

 44. Bloom AJ, Chapin FS, Mooney HA. Resource limitation in plants—an 
economic analogy. Annu Rev Ecol Syst. 1985;16:363–92.

 45. Reich PB. Root-shoot relations: optimality in acclimation and adaptation 
or the ‘Emperor, s new clothes. In: Waisel Y, Eshel A, Kafkafi U, editors. Plant 
Roots: the hidden Half. New York: Marcel Dekker; 2002. p. 205–20.

 46. Larson JE, Funk JL. Seedling root responses to soil moisture and the iden-
tification of a belowground trait spectrum across three growth forms. 
New Phytol. 2016;210:827–38.

 47. Garcia-Ramos G, Kirkpatrick M. Genetic models of adaptation and gene 
flow in peripheral populations. Evolution. 1997;51:21–8.

 48. Lenormand T. Gene flow and the limits to natural selection. Trends Ecol 
Evol. 2002;17:183–9.

 49. Yeaman S, Whitlock MC. The genetic architecture of adaptation under 
migration–selection balance. Evolution. 2011;65:1897–911.

 50. Gonzalo-Turpin H, Hazard L. Local adaptation occurs along altitudinal 
gradient despite the existence of gene flow in the alpine plant species 
Festuca eskia. J Ecol. 2009;97:742–51.

 51. Pauls SU, Nowak C, Bálint M, Pfenninger M. The impact of global climate 
change on genetic diversity within populations and species. Mol Ecol. 
2013;22:925–46.

 52. Gaitán-Espitia JD, Hobday AJ. Evolutionary principles and genetic consid-
erations for guiding conservation interventions under climate change. 
Glob Change Biol. 2021;27:475–88.

 53. Kawecki TJ, Ebert D. Conceptual issues in local adaptation. Ecol Lett. 
2004;7:1225–41.

 54. Sgro CM, Lowe AJ, Hoffmann AA. Building evolutionary resilience for 
conserving biodiversity under climate change. Evol Appl. 2011;4:326–37.

 55. Yeh F, Yang R, Boyle T, Ye Z, Xian JM. POPGENE, the user-friendly share-
ware for population genetic analysis, version 1.32. Molecular Biology and 
Biotechnology Centre, University of Alberta, Canada. 2000. https:// sites. 
ualbe rta. ca/ ~fyeh/ popge ne. html. Accessed 23 Sept 2020.

 56. Peakall R, Smouse PE. GENALEX 6: genetic analysis in Excel. Popula-
tion genetic software for teaching and research. Mol Ecol Notes. 
2006;6:288–95.

 57. Wright S. The genetical structure of populations. Ann Eugen. 
1949;15:323–54.

 58. Lynch M, Milligan BG. Analysis of population genetic structure with RAPD 
markers. Mol Ecol. 1994;3:91–9.

 59. Brommer J. Whither  PST? The approximation of  QST by  PST in evolutionary 
and conservation biology. J Evol Biol. 2011;24:1160–8.

 60. Bates D, Machler M, Bolker BM, Walker SC. Fitting linear mixed-effects 
models using lme4. J Stat Softw. 2015;67:1–48.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://sites.ualberta.ca/~fyeh/popgene.html
https://sites.ualberta.ca/~fyeh/popgene.html

	Phenotypic differentiation and diversifying selection in populations of Eruca sativa along an aridity gradient
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Genetic diversity and genetic differentiation among populations
	Phenotypic variation among populations of E. sativa
	Environmental data
	Assessing past selection

	Discussion
	Conclusion
	Methods
	The studied sites and plant material
	Common garden experiments
	DNA extraction and AFLP analysis
	Estimation of quantitative trait differentiation (PST)

	Acknowledgements
	References


