
2026 | Volume 02 | Issue 1 | Page 81

Journal of Plant Health, Ecology and Evolution

Research Article

Abstract | Melilotus indicus (L.) all is a stress-tolerant wild legume widely distributed across the arid and 
semi-arid regions of Pakistan, yet the genetic basis of its adaptation to harsh environments remains largely 
uncharacterised. We evaluated genetic diversity, population structure and genotype-environment relationships 
in ten M. indicus populations sampled from six arid localities (Dera Ismail Khan, Tank, Bhakkar, Layyah, 
Bahawalpur/Cholistan and Khuzdar) using thirteen polymorphic simple sequence repeat (SSR) markers. In 
total, 68 alleles were detected, of which 61 (89.7%) were polymorphic, with a mean of 5.23 alleles per locus 
and an average polymorphic information content (PIC) of 0.63. Mean observed and expected heterozygosity 
were 0.48 and 0.58, respectively. Bayesian clustering (STRUCTURE), UPGMA and Principal Coordinate 
Analysis (cumulative variance 56.4%) consistently resolved three genetic clusters that broadly corresponded 
to geographic origin; 72% of individuals showed strong single-cluster membership and 28% were admixed. 
Analysis of molecular variance attributed 81% of variation to within populations and 19% among populations 
(FST = 0.19, P≤ 0.001). Expected heterozygosity correlated positively with annual precipitation (r = 0.68, P 
= 0.03) and soil organic matter (r = 0.61, P = 0.04) and negatively with electrical conductivity (r = -0.56, P = 
0.05), consistent with environmentally structured, adaptive genetic variation. These findings provide the first 
SSR-based evidence of population-level genetic structuring associated with aridity and soil salinity gradients 
in Pakistani M. indicus, and identify the Dera Ismail Khan and Tank populations as priority genetic resources 
for conservation and for breeding drought-tolerant forage legumes.
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Introduction

The genus Melilotus (Fabaceae) comprises 
approximately 19 annual and biennial legume 

species distributed across the temperate and 
subtropical regions of Europe, Asia, North Africa, 
and the Mediterranean basin (DiTomaso and Healy, 
2007; Wu et al., 2016). Among these, Melilotus indicus 
(L.) All., commonly known as Indian sweet clover, is 
valued as a forage crop, green manure, medicinal plant, 
and nectar source, and it combines this utility with an 
exceptional tolerance of drought, heat, and saline soils 
(Duke, 1981; Wu et al., 2016). In Pakistan, M. indicus 
occurs naturally across Punjab, Khyber Pakhtunkhwa, 
Sindh, and Balochistan, frequently establishing in 
drought-prone and saline habitats where summer 
temperatures exceed 45 °C and rainfall is scarce and 
erratic (Ali and Qaiser, 2007).

Arid and semi-arid ecosystems cover roughly one-
third of the terrestrial land surface and support 
approxiamtely two billion people, yet they are 
increasingly threatened by desertification, land 
degradation, and declining water availability 
(UNCCD, 2022; IPCC, 2023). Field surveys in 
Pakistan’s own arid tracts, including the Cholistan 
Desert and the plains of southern Punjab, confirm that 
plant diversity and community composition in these 
landscapes are already responding measurably to a 
combination of climatic and anthropogenic pressures 
(Ejaz et al., 2024; Maqsood et al., 2024). Pakistan 
is considered one of the countries most vulnerable 
to climate change because of its dependence on 
climate-sensitive agriculture and limited freshwater 
resources (GoP, 2021), which makes wild, stress-
tolerant legumes such as M. indicus useful models 
for understanding how native plant populations 
persist under, and adapt to, chronic abiotic stress. 
Local adaptation, the evolution of heritable traits 
that enhance adaptation within a population’s native 
environment, is a principal outcome of natural 
selection acting on environmentally heterogeneous 
landscapes (Kawecki and Ebert, 2004; Savolainen et 
al., 2013). Detecting the genomic signatures of this 
process requires methods that can distinguish adaptive 
from neutral genetic structure and relate marker 
variation to measured ecological gradients (Hoban 
et al., 2016). Landscape and agricultural genomic 
approaches that pair molecular data with climatic and 
edaphic variables have proved particularly informative 
for identifying such gradients in crop wild relatives 

and forage species, and are increasingly advocated as a 
route to more climate-resilient cultivars (Tigano and 
Friesen, 2016; Forester et al., 2018; Campbell et al., 
2025).

Simple Sequence Repeat (SSR) markers remain one 
of the most practical tools for such analyses in non-
model, wild plant species because of their co-dominant 
inheritance, high reproducibility, and sensitivity to 
fine-scale population differentiation (Semagn et al., 
2006). Molecular studies of Melilotus have so far 
concentrated on interspecific diversity and marker 
development: chloroplast and nuclear sequence data 
have resolved phylogenetic relationships among 
species (Di et al., 2015), and more recent genomic 
resources, including miRNA-derived SSRs (Kanzana 
et al., 2021), a chromosome-scale genome assembly 
of M. officinalis (He et al., 2023), and comparative 
plastome analyses (Xu et al., 2024), have substantially 
expanded the toolkit available for the genus. However, 
these resources have been applied almost exclusively 
to germplasm collections outside South Asia, and no 
study to date has examined adaptive genetic structuring 
within natural M. indicus populations in Pakistan’s 
arid regions. Comparable work on other arid-zone 
legumes underscores the value of this approach. In 
chickpea landraces sampled along an aridity gradient 
into the Thal Desert of Punjab, genome-wide SNP 
variation was measurably structured by elevation 
and isothermality (Sani et al., 2018). Similarly, 
genotyping-by-sequencing of moth bean (Vigna 
aconitifolia), a drought-adapted legume of the South 
Asian drylands, revealed clear population structure 
linked to geographic origin (Yadav et al., 2023), while 
microsatellite-based studies of the medicinal shrub 
Ephedra across Balochistan’s altitudinal zones have 
shown that genetic diversity tracks environmental 
variation even over comparatively short geographic 
distances (Basit et al., 2021). These studies, together 
with the broader literature on ecological genomics, 
provide a strong rationale and methodological 
precedent for examining M. indicus populations from 
Pakistan’s arid regions.

Despite the ecological and forage value of M. indicus, 
no comprehensive molecular assessment of its 
genetic diversity, population structure, or genotype-
environment relationships has been undertaken in 
Pakistan. Addressing this gap is important both for 
understanding the evolutionary processes that allow 
the species to persist in extreme environments and 



Journal of Plant Health, Ecology and Evolution

2026 | Volume 02 | Issue 1 | Page 83	

for identifying genetically valuable populations for 
conservation and future breeding of drought- and 
salinity-tolerant forage legumes. The present study 
therefore used SSR markers to assess the genetic 
diversity of M. indicus populations sampled from 
six arid regions of Pakistan, to characterise their 
population structure and genetic differentiation, and 
to evaluate the relationship between genetic variation 
and key soil and climatic variables as an indicator of 
local adaptation.

Materials and Methods

Study area and sample collection
Field surveys were conducted during the flowering 
season (March-May) in the arid and semi-arid 
tracts of Dera Ismail Khan, Tank, Bhakkar, Layyah, 
Bahawalpur (Cholistan Desert), and Khuzdar, 
Pakistan. Ten natural populations were sampled across 
these localities, and twenty healthy, mature plants were 
collected from each population while maintaining a 
minimum inter-plant distance of 10 m to reduce the 
sampling of closely related individuals, giving a total 
of 200 samples. Geographic coordinates and elevation 
were recorded at each site with a handheld GPS 
receiver (Figure 1; Table 1; Supplementary Figure 
S6). Plant collection was carried out with permission 
from the relevant local land authorities and did not 
involve endangered or legally protected species; no 
experiments on humans or vertebrate animals were 
performed.

Species identification and voucher deposition
Representative specimens from each site were pressed, 

dried, and mounted following standard herbarium 
procedures (Bridson and Forman, 1998), identified 
using the taxonomic treatment in the Flora of Pakistan 
(Ali and Qaiser, 2007), and deposited as authenticated 
voucher specimens in the Herbarium of the Institute 
of Biological Sciences, Gomal University, Dera Ismail 
Khan (Supplementary Figure S1-S3).

Figure 1: Geographic distribution of the six arid sampling 
regions of Melilotus indicus populations examined in this 
study, Pakistan.

Table 1: Geographic coordinates and environmental characteristics of the sampled Melilotus indicus populations, 
including elevation, annual rainfall, mean annual temperature, soil pH, electrical conductivity, and soil texture.
Popu-
lation 
code

sampling site Latitude 
(N)

Longi-
tude (E)

Elevation 
(m a.s.l.)

Annual rain-
fall (mm)

Mean annu-
al tem. (°C)

Soil pH 
(1:2.5)

Soil EC 
(dS m⁻¹)

Soil texture

P1 Dera Ismail Khan (Site 1) 31°49' 70°54' 165 264 26.4 7.8 0.78 Sandy loam
P2 Dera Ismail Khan (Site 2) 31°55' 70°48' 180 251 26.7 7.9 0.82 Loam
P3 Tank (Site 1) 32°15' 70°05' 210 242 25.9 7.6 0.69 Sandy loam
P4 Tank (Site 2) 32°10' 70°12' 195 238 26.0 7.7 0.71 Loam
P5 Bhakkar (Site 1) 31°37' 71°03' 130 196 28.3 8.1 1.12 Sandy clay loam
P6 Bhakkar (Site 2) 31°42' 71°10' 142 189 28.6 8.0 1.08 Loamy sand
P7 Layyah (Site 1) 30°57' 70°57' 122 178 29.1 8.2 1.25 Sandy loam
P8 Layyah (Site 2) 31°03' 70°49' 115 172 29.4 8.3 1.31 Loamy sand
P9 Bahawalpur (Cholistan) 29°23' 71°42' 102 92 31.6 8.5 2.61 Sand
P10 Khuzdar 27°48' 66°36' 720 315 24.8 7.3 0.48 Sandy loam
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Figure 2: Variation in annual rainfall, mean annual temperature, soil pH, electrical conductivity, and organic matter 
across the sampled M. indicus populations (S1-S8, representative sites).

Environmental and soil data collection
Climatic variables (annual precipitation, mean annual 
temperature) were compiled for each site (Fick and 
Hijmans, 2017), and topsoil (0-30 cm) was sampled 
from the rooting zone of each population and analysed 
for pH, electrical conductivity (EC), organic matter, 
and texture using standard laboratory procedures 
(Table 1; Supplementary Figure S4).

DNA extraction and SSR-PCR amplification
Genomic DNA was extracted from silica-dried 
leaf tissue using the cetyltrimethylammonium 
bromide (CTAB) method (Doyle and Doyle, 1990) 
and checked for quality and concentration by 
agarose gel electrophoresis and spectrophotometry 
(Supplementary Figure S5). Fifteen SSR primer pairs 
were screened; thirteen produced clear, reproducible 
amplification and were retained for genotyping 
(Supplementary Table S1 summarises primer 
performance and Supplementary Table S2 gives the 
PCR cycling conditions). Amplicons were resolved 
on agarose gels, visualised under UV illumination, 
and scored for the presence or absence of alleles 
(Supplementary Figure S7 and S8).

Data analysis
Standard genetic diversity indices (number of alleles 
per locus, observed and expected heterozygosity, 
percentage of polymorphic loci, polymorphic 
information content) were calculated in GenAlEx 6.5 
(Peakall and Smouse, 2012) and POPGENE. Genetic 
relationships among populations were assessed by 
UPGMA cluster analysis and Principal Coordinate 
Analysis (PCoA) in GenAlEx/MEGA 11 (Peakall 
and Smouse, 2012; Kumar et al., 2018). Bayesian 
population structure was inferred in STRUCTURE 
v.2.3.4 using the admixture model, testing K = 1-6 
(Pritchard et al., 2000); the appropriate K was 
identified from likelihood plateauing and cluster 
stability (Evanno et al., 2005). Analysis of Molecular 
Variance (AMOVA) (Excoffier et al., 1992) was 
used to partition genetic variance within and 

among populations, and pairwise FST was estimated 
(Nei, 1973; Weir and Cockerham, 1984). Pearson 
correlations were computed between population-
level expected heterozygosity and the corresponding 
environmental and soil variables. All statistical tests 
used α = 0.05.

Results

Sampling sites and environmental variation
The ten populations spanned considerable 
environmental heterogeneity: annual rainfall ranged 
from 92 to 315 mm, mean annual temperature 
from 24.8 to 31.6 °C, soil pH from 7.3 to 8.5, 
electrical conductivity from 0.48 to 2.61 dS m⁻¹, 
and organic matter from 0.32 to 1.08% (Table 1; 
Figure 2; Supplementary Table S3). Populations 
from Bahawalpur (Cholistan) experienced the lowest 
rainfall and highest salinity, whereas Dera Ismail Khan 
and Khuzdar populations occupied comparatively less 
saline, higher-rainfall sites.

SSR polymorphism
Of fifteen SSR primer pairs screened, thirteen 
amplified consistently and were used for genotyping. 
Fragment sizes ranged from 110 to 320 bp. Across 
all loci, 68 alleles were detected, of which 61 (89.7%) 
were polymorphic (Figure 3A), with between 3 and 9 
alleles per locus (mean= 5.23; Figure 3B).

Figure 3: SSR marker polymorphism in Melilotus 
indicus. (A) Proportion of polymorphic vs monomorphic 
alleles across 13 loci. (B) Number of alleles detected per 
SSR locus (MiSSR-01 to MiSSR-13).
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Figure 4: Genetic diversity of Melilotus indicus populations based on SSR markers. (a) Number of alleles per locus, 
observed heterozygosity (Ho), expected heterozygosity (He), and polymorphic information content (PIC) per locus. (b) 
Population-wise diversity parameters (mean number of alleles, Ho, He, PIC, and percentage of polymorphic loci) and 
their distribution across populations.

Genetic diversity within populations
Observed heterozygosity (Ho) ranged from 0.34 to 
0.62 (mean= 0.48) and expected heterozygosity (He) 
from 0.41 to 0.71 (mean= 0.58) across populations; 
mean PIC was 0.63, confirming that the retained loci 
were highly informative (Figure 4). Genetic diversity 
was consistently highest in the Dera Ismail Khan 
population (Na= 6.23, He = 0.71, 92.3% polymorphic 
loci) and lowest in the Khuzdar population (Na= 
3.38, He= 0.41, 71.5% polymorphic loci), a roughly 
two-fold range across the sampled sites.

Population relationships and structure
UPGMA clustering based on pairwise genetic 
similarity grouped the ten populations into three 
clusters that broadly reflected geographic proximity: 
a cluster comprising Dera Ismail Khan, Tank, and 
Paharpur; a second comprising Bhakkar and Layyah; 
and a third, more heterogeneous cluster comprising 
Bahawalpur, Rahim Yar Khan, D.G. Khan, Jatoi, 
and Khuzdar (Figure 5). Average pairwise genetic 
similarity among populations was 0.76, with the 
highest similarity between geographically adjacent 
pairs (e.g., Dera Ismail Khan-Tank = 0.88; Table 2) 
and the lowest between geographically distant pairs 

(e.g., Dera Ismail Khan-Khuzdar = 0.55).

Bayesian clustering in STRUCTURE identified K= 
3 as the most probable number of genetic clusters, 
consistent with the UPGMA topology. Approximately 
72% of individuals showed strong membership 
(>0.75 ancestry coefficient) in a single cluster, while 
the remaining 28% displayed admixed ancestry, 
particularly among geographically intermediate 
populations (Figure 6). Genetic differentiation among 
population pairs (pairwise FST) ranged from near zero 
between adjacent populations to 0.27 between the 
most distant pairs.

Principal Coordinate Analysis corroborated the 
clustering and STRUCTURE results: PCoA1 and 
PCoA2 explained 34.8% and 21.6% of total genetic 
variance, respectively (56.4% cumulative). Dera Ismail 
Khan and Tank individuals clustered tightly together, 
Bahawalpur and Khuzdar formed distinct, well-
separated groups, and Bhakkar and Layyah occupied 
an intermediate position consistent with partial 
genetic overlap between the northern and southern 
populations (Figure 7).
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Table 2: Pairwise genetic similarity matrix among Melilotus indicus populations based on SSR marker data.
Population 1 2 4 5 6 7 8 9 10
Dera Ismail Khan — 0.88 0.82 0.74 0.73 0.66 0.58 0.57 0.55
Tank 0.88 — 0.81 0.75 0.72 0.65 0.60 0.57 0.54
Paharpur 0.82 0.81 — 0.72 0.70 0.64 0.59 0.55 0.53
Bhakkar 0.74 0.75 0.72 — 0.86 0.71 0.63 0.58 0.56
Layyah 0.73 0.72 0.70 0.86 — 0.70 0.62 0.57 0.55
Bahawalpur 0.66 0.65 0.64 0.71 0.70 — 0.77 0.70 0.60
Rahim Yar Khan 0.61 0.60 0.59 0.63 0.62 0.77 — 0.78 0.62
D.G. Khan 0.58 0.57 0.56 0.59 0.58 0.70 0.78 — 0.64
Jatoi 0.57 0.56 0.55 0.58 0.57 0.66 0.72 0.75 0.68
Khuzdar 0.55 0.54 0.53 0.56 0.55 0.60 0.64 0.68 —

Figure 5: UPGMA dendrogram illustrating genetic relationships among Melilotus indicus populations based on SSR 
marker data, resolving three major clusters that broadly track geographic origin.

Figure 6: Bayesian population structure analysis (STRUCTURE, K = 3) of Melilotus indicus populations based 
on SSR data, showing (A) determination of the optimal K, (B) individual ancestry coefficients, (C) mean cluster 
membership by population, (D) proportion of individuals with strong single-cluster membership versus admixed 
ancestry, and (E) pairwise genetic differentiation (FST) among populations.
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Figure 7: Principal Coordinate Analysis (PCoA) of Melilotus indicus populations based on SSR marker data: (A) 
individual scatter plot with population ellipses, (B) percentage of genetic variance explained by each coordinate, (C) 
population centroids, (D) eigenvalues of principal coordinates, and (E) pairwise Euclidean genetic distances among 
populations.

Partitioning of genetic variation and genotype-
environment relationships
AMOVA indicated that 81% of total genetic 
variation occurred within populations and 19% 
among populations (global FST = 0.19, P≤ 0.001), 
indicating moderate but statistically significant 
population differentiation against a background 
of high within-population diversity. Expected 
heterozygosity was positively correlated with annual 
precipitation (r = 0.68, P = 0.03) and soil organic 
matter (r = 0.61, P = 0.04), and negatively correlated 
with soil electrical conductivity (r = -0.56, P = 0.05). 
A negative association with mean annual temperature 
approached, but did not reach, statistical significance 
(r = -0.49, P = 0.08), and is reported here as a trend 
rather than a confirmed effect.

Discussion

Genetic diversity in relation to other Melilotus studies
This study provides the first SSR-based assessment of 
genetic diversity and population structure in natural 
Melilotus indicus populations from the arid regions of 
Pakistan, and the results are consistent with a pattern 
of environmentally structured, adaptive genetic 
variation rather than purely neutral differentiation. 
The overall level of polymorphism detected (89.7% 
of alleles polymorphic; mean PIC = 0.63) falls within 
the range reported for SSR studies of the genus 
Melilotus elsewhere: EST-SSR and genome-derived 
markers in Chinese Melilotus germplasm have 
reported average PIC values between 0.49 and 0.87, 
depending on marker type and the taxonomic breadth 
of the accessions screened (Wu et al., 2016; Kanzana 
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et al., 2021; He et al., 2023). That our substantially 
narrower, intraspecific sampling of M. indicus from 
a single country nonetheless yielded comparably 
informative markers suggests that the species retains 
considerable standing genetic variation even at the 
population level, which is a prerequisite for continued 
adaptive response to the aridity and salinity gradients 
that characterise its Pakistani range (Savolainen et al., 
2013; Hoban et al., 2016).

Population structure and gene flow
The clear separation of populations into three genetic 
clusters by UPGMA, STRUCTURE, and PCoA, 
and the fact that this partitioning broadly tracked 
geographic origin rather than random noise, indicates 
that gene flow among the sampled populations is 
restricted enough to permit differentiation, while 
the substantial admixture detected in 28% of 
individuals shows that this restriction is incomplete. 
This combination, high within-population diversity 
(81% of AMOVA variance) together with a modest 
but significant among-population component (FST 
= 0.19), is the pattern expected under an isolation-
by-environment or isolation-by-distance model in 
which local selection and limited dispersal act jointly 
on standing variation (Kawecki and Ebert, 2004; 
Savolainen et al., 2013; Hoban et al., 2016). A similar 
decoupling of within- versus among-population 
variance has been documented in chickpea landraces 
sampled across an aridity gradient into Pakistan’s 
Thal Desert, where genome-wide SNP structure 
was only partially explained by geography and was 
more strongly linked to elevation and isothermality 
(Sani et al., 2018), and in moth bean populations 
from the South Asian drylands, where SSR/SNP-
based clustering likewise resolved population groups 
that only partly mirrored simple geographic distance 
(Yadav et al., 2023). Read together with the present 
results, these studies suggest that dryland legumes 
across South Asia share a common evolutionary 
signature: substantial within-population variability 
buffered against episodic drought, overlaid by 
weaker but detectable structure associated with local 
environmental gradients.

Genotype-environment relationships
The genotype-environment correlations detected 
here strengthen this interpretation. Expected 
heterozygosity increased with annual precipitation and 
soil organic matter and decreased with soil electrical 
conductivity, a pattern consistent with reduced 

effective population size and stronger selective filtering 
in the driest, most saline sites (notably Bahawalpur/
Cholistan) relative to comparatively mesic sites such 
as Dera Ismail Khan. The negative association with 
mean annual temperature did not reach conventional 
statistical significance (P= 0.08) and should be 
treated as a trend requiring confirmation with a larger 
population sample rather than as firm evidence of 
thermal selection. Programmes that pair molecular 
diversity data with fine-scale climatic and edaphic 
layers, an approach now formalised as agricultural 
landscape genomics, have shown that such genotype-
environment associations can reliably flag loci and 
populations of adaptive value in crop wild relatives 
(Campbell et al., 2025), and the correlations reported 
here provide a preliminary, population-level analogue 
of that approach for M. indicus.

Implications for conservation and breeding
The consistently higher diversity of the Dera Ismail 
Khan and Tank populations, and the comparatively 
depauperate Khuzdar population, mirrors a broader 
pattern in which peripheral or more environmentally 
extreme populations carry reduced genetic diversity 
relative to more climatically buffered, central 
populations (Ellstrand and Elam, 1993; Hamrick 
and Godt, 1996). Because adaptive genetic diversity 
underpins a population’s capacity to respond to 
future environmental change (Frankham et al., 2010; 
Hoban et al., 2020), the Dera Ismail Khan and Tank 
populations identified here as the most diverse are 
reasonable priorities for in situ conservation and as 
source material for breeding programmes targeting 
drought- and salinity-tolerant forage legumes, in line 
with recommendations for prioritising evolutionarily 
significant, high-diversity populations in conservation 
genomics generally (Hoban et al., 2020).

Possible physiological basis and future directions
Mechanistically, the physiological basis for the 
differentiation observed here is likely to involve the 
well-characterised drought- and salinity-response 
pathways described in other legumes and dicots, 
including ABA-mediated stomatal regulation 
(Cutler et al., 2010) and DREB/NAC/WRKY/MYB 
transcriptional networks that coordinate osmotic 
adjustment and antioxidant defence (Nakashima et 
al., 2014; Basu et al., 2016). The SSR markers used 
in the present study are anonymous and were not 
selected within candidate stress-response genes, 
so they cannot themselves identify the loci under 
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selection; however, the genome and transcriptome 
resources now available for related Melilotus species 
(Kanzana et al., 2021; He et al., 2023; Xu et al., 2024) 
make targeted genotyping of such candidate regions 
a feasible next step for this system. Combined with 
the nitrogen-fixing capacity that already makes M. 
indicus valuable for soil restoration on marginal land 
(Graham and Vance, 2003; Herridge et al., 2008), 
such adaptive variation would be of direct interest 
to genomics-assisted breeding pipelines for climate-
resilient legumes (Varshney et al., 2021).

Conclusions

This study provides the first SSR-based baseline 
on the genetic resources of natural Melilotus indicus 
populations in the arid zone of Pakistan. The 
species retains substantial standing variation, held 
largely within populations, overlaid by a moderate 
but significant structure that follows geography 
and environment and offers preliminary molecular 
support for local adaptation along aridity and salinity 
gradients. These findings are relevant to the in situ 
conservation of dryland legume diversity and identify 
the Dera Ismail Khan and Tank populations as 
candidate source material for breeding drought- and 
salinity-tolerant forage cultivars, although the small 
number of populations and the use of anonymous 
markers mean that the adaptive interpretation remains 
provisional. Genome-wide markers, common-garden 
or reciprocal-transplant experiments and a larger, 
consistently coded set of populations are needed to 
confirm the adaptive significance of the patterns 
identified here.
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