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Genetic diversity, population structure and morphological
variability in the Lallemantia royleana (Lamiaceae) from Iran
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Genetic variability and population structure were studied in 11 geographical populations of Lallemantia
royleana Benth. (Lamiaceae). DNA was extracted from 102 plant specimens and used for ISSR assay. Genetic
diversity parameters were determined in these populations. AMOVA and Gst analyses revealed the presence
of extensive genetic variability within populations and significant molecular difference among the studied
populations. Mantel test showed positive significant correlation between genetic distance and geographical
distance of the populations. STRUCTURE and K-means clustering revealed populations genetic stratification.
Networking showed some degree of gene exchange among the studied populations. UPGMA dendrogram
of the populations based on morphological characters was in agreement with the NJ tree of molecular data.
These results indicated that geographical populations of Lallemantia royleana are well differentiated both in
genetic content and morphological characteristics. This information may be of use for future conservation
and breeding of this medicinally important plant species.
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Introduction

The genus Lallemantia L. (Lamiaceae) is included in
Nepetinae and contains herbaceous annual or biennial
plants. It is characterized by simple leaves; a thyrsoid,
spike-like or oblong, often interrupted inflorescence;
ovate to rotund or occasionally linear, aristate-toothed
bracteoles; and oblong, trigonous, smooth and muci-
laginous nutlets (Harley & al. 2004). The Lallemantia
species can be used for a variety of purposes, includ-
ing for nutrition and healing. For example, Lalleman-
tia iberica Fisch. & C.A. Mey. is cultivated in Iran and
southern parts of the former USSR as an oil-seed plant
(Rivera-Nunez & Obonde-Gastro, 1992).

Lallemantia is represented by five species that are
distributed in Afghanistan, China, India, Kazakh-
stan, Kyrgyzstan, Pakistan, Iran, Russia, Tajikistan,
Turkmenistan, Uzbekistan, SW Asia, and Europe. L.
royleana Benth. is an annual herb, commonly known
as Lady’s Mantle. This medicinally important plant is
originally native to tropical Asia, Afghanistan, Turke-
stan, India, and Pakistan. Traditionally, it is a very
common practice of local people to use these plants to
cure infectious diseases. Seeds contain carbohydrates,
fiber, oil, protein, and tannins (Razavi & Karazhiyan
2009; Razavi & Moghaddam 2011). They displayed
a significant anti-bacterial effect and can be used as
a good remedy for skin diseases and gastrointesti-
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nal problems caused by human pathogenic bacterial
strains (Mahmood & al. 2013). L. royleana grows in
different regions of Iran and comprises many local ge-
ographical populations.

The advent of molecular markers has resulted
in an improved ability to track evolution through
a better understanding of genetic variation with-
in and among populations and added phylogenetic
perspectives. These molecular markers produce val-
uable data for plant biology in general and also for
specific purposes, such as species and populations,
divergence, genetic drift and migration, genetic fin-
gerprinting, etc. (Heather & al. 2011). Molecular
markers have been used extensively in genetic diver-
sity analysis, as well as in populations genetic struc-
ture (Sheidai & al. 2012, 2013). We have used ISSR
molecular markers in the present study as they have
proved to be informative about the genetic diversity
and population structure studies (e.g. Sheidai & al.
2012, 2013; Azizi & al. 2014).

Due to medicinal and economic importance of
L. royleana, it is frequently used by local people and
therefore in the long term is subjected to elimination.
The goal of the present study was to reveal genetic var-
iability both within and among L. royleana local pop-
ulations, to reveal population genetic structure, and
study the gene flow among geographical populations.
Similarly, we have investigated morphological diversi-
ty of the studied populations and whether these mor-
phological variations accompany genetic diversity in
divergent populations.

Material and methods

Plant material

Eleven geographical populations have been identified.
Each population contained 40-50 plants. Altogether,
102 plants were randomly collected from these pop-
ulations and used for molecular and morphological
studies. Details of localities are provided in Table 1,
Fig. 1. Voucher specimens are deposited in the Her-
barium of Shahid Beheshti University (HSBU). Fresh
leaves were collected and used for DNA extraction
and molecular study.

DNA extraction and ISSR assay

Fresh leaves were collected randomly from 10 plants
in each of the studied populations and dried in silica

Iran

Fig. 1. Distribution map of Lallemantia royleana populations.

Table 1. Populations, their locality and ecological features.

Province Locality Altitude Longitude Latitude
(m)

1 Markazi Delijan, near Fojoor 1523 33.55 50.37

2 Markazi Saveh-Salafchegan 1440 34.34 50.25

3 Markazi Zarandiueh, 1267 35.30 50.29
Roodeshoor village

4 Markazi Saveh, Samavak village 1248 35.01 50.06

5 Markazi Mahallat, Abegarm 1725 33.59 50.33

6 Markazi Tehran-Saveh 1442 35.12 50.24

7 Qom Tehran-Qom 1080 35.13 51.07

8 Markazi Delijan, Nimvar village 1574 33.53 50.31

9 Markazi Mahallat, opposite the 1680 33.54 50.29
University

10 Qom Delijan to Salafchegan 1364 34.21 50.30

11 Markazi Arak, Hoseinabad 1777 34.04 49.47

gel powder. Genomic DNA was extracted using CTAB
activated charcoal protocol (Sheidai & al. 2013). The
quality of extracted DNA was examined by running
on 0.8 % agarose gel. Ten ISSR primers - (AGC)5GT,
(CA)7GT, (AGC)5GG, UBC810, (CA)7AT, (GA)9C,
UBC807, UBC811, (GA)9T, and (GT)7CA - com-
mercialized by UBC (the University of British Co-
lumbia) were used. PCR reactions were performed in
a 25 ul volume containing 10 mM Tris-HCI buffer at
pH 8; 50 mM KCI; 1.5 mM MgCI2; 0.2 mM of each
dNTP (Bioron, Germany); 0.2 uM of a single primer;
20 ng genomic DNA, and 3 U of Tag DNA polymer-
ase (Bioron, Germany). The amplification reactions
were performed in Techne thermocycler (Germany)
with the following program: 10 min initial denatura-
tion step 94°C, 30 S at 94°C; 1 min at 57°C and 1 min
at 72°C. The reaction was completed by final exten-
sion step of 7 min at 72°C.

The amplification products were visualized by
running on 2 % agarose gel, followed by ethidium bro-
mide staining. The fragment size was estimated by us-
ing a 100 bp molecular size ladder (Fermentas, Ger-
many).
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Data analyses

Morphological studies

The studied morphological characters were: 1 — qual-
itative characters: habitat, type of stem, stem color,
shape of basal leaf, base of basal leaf, tip of basal leaf,
shape of stem leaf, position of inflorescence leaves rela-
tive to the inflorescence whorls, nutlet color. 2 - quan-
titative characters: plant height, length of basal leaf,
width of basal leaf, length of petiole, length of stem
leaf, width of stem leaf, length of petiole in stem leaf,
length of bracteole, width of bracteole, size of bract
arista, number of veins in calyx, size of tooth in calyx,
length of calyx, width of calyx, length of corolla, width
of corolla, length of nutlet, width of nutlet, length of
areole, length of style, length of stamen, length of mid-
dle lobe in corolla, width of middle lobe in corolla.
An analysis of variance (ANOVA) test was per-
formed to show the significant morphological dif-
ference between the studied populations. For group-
ing the plant specimens, UPGMA (unweighted paired
group with arithmetic average) and CVA (Canonical
Variates Analysis) were used. Morphological data were
standardized (mean = 0, variance = 1) for these analyses
(Podani 2000). A principal components analysis (PCA)
was performed to identify the most variable morpho-
logical characters among the studied populations.

Molecular analyses

The obtained ISSR bands were coded as binary char-
acters (presence = 1, absence = 0). Genetic diversity
parameters were determined for dominant molecular
markers in each population. These parameters were:
percentage of allelic polymorphism, allele diversity,
Nei’s gene diversity (H), genetic diversity due to popu-
lations (Hs), Shannon information index (I), number
of effective alleles, and percentage of polymorphism
(Weising 2005). Nei’s genetic distance was determined
among the studied populations and used for clus-
tering. For grouping the plant specimens, Neighbor
Joining (NJ]) clustering methods as well as Neighbor-
Net method of networking were performed after 100
times bootstrapping (Huson & Bryant 2006).

The Mantel test was performed to check correla-
tion between geographical distance and genetic dis-
tance of the studied populations (Podani 2000; Weis-
ing 2005). PAST ver. 2.17 (Hamer &al. 2012), DARwin
ver. 5 (2012) and SplitsTree4 V4.13.1 (2013) programs
were used for these analyses.

The significant genetic difference among the stud-
ied populations and provinces were determined by: 1 -
AMOVA (analysis of molecular variance) test (with
1000 permutations) for dominant molecular mark-
ers as implemented in GenAlex 6.4 (Peakall & Smouse
2006); 2 — Nei’s Gst analysis of dominant markers as
implemented in GenoDive ver.2 (2013) (Meirmans
& Van Tienderen 2004). Furthermore, the popula-
tions’ genetic differentiation was studied by G'ST est =
standardized measure of genetic differentiation (He-
drick 2005), and D_est = Jost measure of differentia-
tion (Jost 2008).

In order to overcome potential problems caused by
the dominance of ISSR markers, a Bayesian program,
Hickory (ver. 1.0) (Holsinger & al. 2003), was used to
estimate the parameters related to genetic structure
(Theta B value). Three runs were conducted with de-
fault sampling of parameters (burn-in = 50 000, sam-
ple = 250 000, thin = 50) to ensure consistency of re-
sults (Tero & al. 2003).

The genetic structure of geographical populations
and provinces was studied by two methods. First, we
carried out a structure analysis (Pritchard & al. 2000)
for dominant markers (Falush & al. 2007). Second, we
performed K-means clustering as in GenoDive ver. 2.
(2013).

Model-based clustering, as performed by STRUC-
TURE software ver. 2.3 (Pritchard & al. 2000), was car-
ried out to group the studied populations on the basis
of genetic affinity. That program was also used to re-
veal the genetic admixture of studied populations. For
this analysis, an admixture ancestry model under the
correlated allele frequency model was used. The Mark-
ov chain Monte Carlo simulation was run 20 times for
each value of K (2-11) for 20 iterations after a burn-
in period of 10°. All other parameters were set at their
default values. Data were scored as dominant markers
and analysis followed the method suggested by Falush
& al. (2007). STRUCTURE Harvester web site (Earl
& von Holdt 2012) was used to visualize the STRUC-
TURE results and also to perform Evanno method to
identify the proper number of K (Evanno & al. 2005).
The most likely number of clusters (K) was chosen by
comparing log probabilities of data [Pr (X|K)] for each
value of K (Pritchard & al. 2000), as well as by cal-
culating an ad hoc statistic AK based on the rate of
change in the log probability of data between succes-
sive K values, as described by Evanno & al. (2005). In
K-means clustering, the optimal clustering is the one
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Fig. 2. MDS plots of genetic data, showing populations, genetic differentiation. Populations 1-11 are: Delijan, near Fojoor, Saveh-
Salafchegan, Roodeshoor village, Samavak village, Abegarm, Tehran-Saveh, Tehran-Qom, Nimvar village, Mahallat, opposite university,

Delijan to Salafchegan, and Arak, respectively.

with the smallest amount of variation within clusters.
This is calculated by using the within-clusters sum of
squares. Minimization of the within-groups sum of
squares that is used in K-means clustering, in the con-
text of a hierarchical AMOVA, is equivalent to mini-
mizing the among-populations-within-groups sum of
squares, SSDAP/WG (Meirmans 2012).

We used two summary statistics to present K-
means clustering, 1 - pseudo-F (Calinski & Hara-
basz 1974); and 2 - Bayesian Information Criterion
(BIC) (Schwarz 1978). The clustering with the high-
est value for pseudo-F is regarded as providing the
best fit, while clustering with the lowest value for
BIC is regarded as providing the best fit (Meirmans
2012). Similarly, non-metric multidimentional scal-
ing (MDS) (Podani 2000) was performed to study ge-
netic distinctiveness of the provinces. The occurrence
of gene flow among populations was checked out by
different methods. First, we performed indirect Nm
analysis of POPGENE ver. 2 for ISSR loci studied ac-
cording to the following formulae: Nm = estimate of
gene flow from Gst, Nm = 0.5(1 - Gst)/Gst. Then we
used reticulation (Legendre & Makarenkov 2002) and
NeighborNet analyses (Huson & Bryant 2006).

Recently, Frichot & al. (2013) have introduced
a statistical model called latent factor mixed mod-
els (LFMM) that tests correlations between environ-
mental and genetic variation, while estimating the
effects of hidden factors that represent background
residual levels of population structure. We used this
method to check if ISSR markers show correlation
with environmental features of the studied popula-
tions. The analysis was done by LFMM program Ver-
sion: 1.2 (2013).

Results

Populations’ genetic diversity

We obtained high number of reproducible bands from
almost all used ISSR primers and finally a data ma-
trix of 102x59 was formed for further analysis. A
DCA plot revealed (Fig. 2.) scattered distribution of
the studied ISSR loci, which indicated that these loci
are not linked and are suitable for population genetic
structure analysis.

Genetic diversity parameters determined in 11
geographical populations of Lallemantia royleana are
presented in Table 2. The highest value of percent-
age polymorphism (55.17 %) was observed in Delijan,
Nimvar village (population No. 8). This population al-

Table 2. Genetic diversity parameters in the studied populations.

Population Ne I h  P% Structure Hsin
Fst AMOVA
Delijan, near Fojoor 1.321 0.272 0.185 48.28  0.343 0.223
2 Saveh-Salafchegan 1.194 0.177 0.116 36.21 0.4895  0.147
3 Zarandiueh, 1.162 0.149 0.097 31.03  0.2492 0.129
Roodeshoor
village
4 Saveh,Samavak 1236 0.221 0.143 46.55 0.5184  0.205
village
5 Mahallat, Abegarm 1.212 0.17 0.117 29.31 0.3199 0.13
6 Tehran-Saveh 1.240 0.232 0.149 51.72 0.4923 0.216
7 Tehran-Qom 1.290 0.258 0.171 50.00 0.5005 0.236
8 Delijan, Nimvar 1.285 0.267 0.174 55.17 0.3466 0.236
village
9 Mahallat, opposite 1.211 0.196 0.128 39.66 0.4331 0.190
the University
10 Delijan to 1.172 0.165 0.107 32.76  0.3141 0.184
Salafchegan
11 Arak,Hoseinabad 1.193 0.169 0.113 32.76 0.4924 0.149
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so had the highest values of the Shanon’ information
index (0.267) and genetic diversity due to populations
(Hst), as estimated in AMOVA (0.267) (this will be
discussed subsequently).

Roodeshoor village population (Population 3) had
the lowest values for percentage polymorphism (31.03),
Shanon’ information index (0.149), and Hs (0.129).

Gst analysis revealed that the total genetic diversity
obtained was 2.045, with the mean value of 0.185. Ge-
netic diversity due to each population (Hs) ranged from
0.129 in Population 3, to 0.236 in Populations 7 and 8.

AMOVA test (Table 3) revealed the presence of a sig-
nificant molecular difference among the studied popula-
tions (PhiPT = 0.37, P = 0.01). It also revealed that 37 %
of the total genetic variability occurred among the stud-
ied populations, while 63 % occurred within these popu-
lations. The AMOVA result was supported by Gst anal-
ysis and Hickory test. The Gst value obtained among
the populations after 999 permutations was 0.354 (p =
0.001), while Hickory test produced a theta-II value of
0.50. This value is also very high and significant. Pop-
ulations’ differentiation parameters determined among
the studied populations produced high values for He-
drick’ standardized fixation index after 999 permutation
(G'st = 0.443, P = 0.001) and Jost’ differentiation index
(D-est = 0.138, P = 0.001). These results indicate that the
geographical populations of Lallemantia royleana are ge-
netically differentiated from each other.

The significant difference value obtained by
AMOVA and Gst tests may be due to genetic differ-
ence between only two populations. Therefore, we
performed pair-wise Fst and Gst analyses. Both tests
produced a significant difference (p = 0.01) for all
pair-wise populationcomparisons.

33
Table 3. AMOVA test of the studied populations.
Source df SS MS Est. Var. %
Among Pops 10 259.428  25.943 3.188 37
Within Pops 60 326.375  5.440 5.440 63
Total 70 585.803 — 8.628 100
Stat Value P(rand > = data)
PhiPT 0.370 0.010

*Best clustering, according to Calinski & Harabasz' pseudo-F: k = 2.
Best clustering, according to Bayesian Information Criterion: k = 4.

Genetic affinity of the populations

Nei’ genetic identity versus genetic distance of the
studied populations showed closer genetic similarity
(0.925) between the populations of Delijan and Saveh-
Salafchegan (Populations 1 and 2), and between
Roodeshoor village and Saveh populations (Popula-
tions 3 and 4) (0.920), respectively.

Similarly, the lowest value for genetic similarity
(0.75) occurred between Nimvar village and Delijan-
Salafchegan populations (Populations 8 and 10), fol-
lowed by Nimvar village and Arak populations (Popu-
lations 8 and 11-0.76).

The grouping of the plant populations obtained
by NJ tree based on Nei’ genetic distance is presented
in Fig. 3. It produced two major clusters. Populations
1-6 (Delijan, Saveh-Salafchegan, Roodeshoor village,
Saveh, Mahallat and Tehran-Saveh, respectively) com-
prised the first major cluster. In this cluster, Popula-
tions 1 and 2 (Delijan and Saveh-Salafchegan popula-
tions) showed higher genetic similarity and were joined
to each other. The same holds true for Populations 3
and 4 (Roodeshoor village and Saveh populations).

Populations 7-11 (Tehran-Qom, Nimvar village,
Mahallat, Delijan to Salafchegan and Arak popula-

Fig. 3. NJ tree of the
studied populations
based on ISSR data.
(Populations 1-11 are

according to Table 1).
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tions, respectively) formed the second major cluster.
In this cluster, Populations 10 and 11 showed higher
genetic affinity.

A Mantel test for the populations genetic distance
and their geographical distance (determined from
pair-wise difference in populations coordinates by
GeneAlex program) produced a significant positive
correlation (p = 0.05). This result indicates that with
the increase in geographical distance among Lalle-
mantia royleana populations, a lower amount of gene
exchange occurred between them and we encounter
the populations’ isolation by distance (IBD) phenom-
enon. Pearson’ coefficient of correlation determined
between Hs values (genetic diversity due to popula-
tions) and ecological parameters produced a signifi-
cant positive correlation between Hs and longitude
(r = 0.98, P <0.01). This indicates that plant popula-
tions located according to the species longitudinal dis-
tribution had a higher degree of genetic diversity. Sim-
ilar analysis performed between the populations’” Fst
values estimated by STRUCTIRE analysis and ecolog-
ical parameters produced a significant positive corre-
lation between Fst values and latitude (r = 0.87, P =
0.05). Therefore, plant populations located according
to the species latitudinal distribution are genetically
more differentiated. However, the studied populations
did not show any correlation between altitude with ei-
ther Hs or Fst value.

Populations genetic structure

Ggenetic structure of the Lallemantia royleana pop-
ulations was studied by two methods: 1 - K-means
clustering, and 2 - Bayesian based model STRUC-
TURE analysis for dominant molecular markers (Fa-
lush & al. 2007).

K-means clustering results are presented in Table 4.
The results showed that the best clustering (optimum
number of genetic groups= k), according to Calins-
ki & Harabasz' pseudo-F, was k = 2 (the highest value
of pseudo-F = 8.361). The optimum number of k, ac-
cording to the Bayesian Information Criterion, was 4
(the lowest value of BIC = 451.061).

Table 4. K-means clustering results.

K SSD SSD  SSD
M (AQ) (WO

r-squared pseudo-F  BIC  Rho

2% 585.803 63.312 522.491 0.108 8.361 452.887 0.172

3 585.803 105.799 480.004 0.181 7.494 451.127 0.217
4& 585.803 134.193 451.61 0.229 6.636 451.061 0.245
5 585.803 159.782 426.021 0.273 6.188 451.182 0.274

Evanno test performed on STRUCTURE analy-
sis by STRUCTURE HARVESTER produced the best
number of k = 3. This genetic grouping is in agree-
ment with NJ tree results presented before. Both anal-
yses revealed that the Lallemantia royleana popula-
tions are genetically differentiated and contain two to
three gene pools in the country.

Gene flow among populations

The presence of isolation by distance among the Lal-
lemantia royleana populations and also the presence
of a significant molecular difference among the stud-
ied populations raise the question whether these pop-
ulations are completely isolated and do not exchange
genes at all. To answer this question, we have com-
pared the results of STRUCTURE, NeighborNet and
reticulation analyses.

In the STRUCTURE analysis we have used an ad-
mixture model to investigate a possible genetic ad-
mixture among the studied populations. A detailed
analysis of allelic combinations based on 102 plant
specimens from 11 geographical populations is pre-
sented in Fig. 4. It shows certain degree of genetic
admixture among the studied populations. It is par-
ticularly true for Populations 4-8. Occurrence of dif-
ferently colored segments in these populations indi-
cates genetic admixture. The gene flow observed may
be due to ancestral shared alleles, or ongoing gene
flow that cannot be seen at present.

The NeighborNet diagram (Fig. 5) also reveals a
certian degree of gene flow between Populations 1 and
2 (Delijan, near Fojoor and Saveh-Salafchegan, respec-
tively) and between Populations 6 and 7 (Tehran-Saveh
and Tehran-Qom, respectively), 5 and 7 (Mahallat and
Tehran-Qom, respectively), 6 and 10 (Tehran-Saveh
and Delijan to Salafchegan, respectively), and 10 and 11
(Delijan to Salafchegan and Arak, respectively). There-
fore, despite genetic differentiation and divergence of
the studied Lallemantia royleana populations, they are
not totally isolated and still some amount of gene flow
occurrs between them (in the past or at present). The
mean Nm value of 0.50 for ISSR loci revealed that the
amount of gene flow is not high among the studied
populations (Nm >1 indicates high gene flow).

Frichot & al. (2013) have proposed new algorithms
based on the population genetics, ecological mode-
ling, and statistical learning techniques for screening
genomes for signatures of local adaptation. This is im-
plemented by the LFMM computer program.
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Fig. 4. STRUCTURE plot of ISSR data based on k = 3. (Populations 1-11 are according to Table 1).

Manhattan Plot

—~logio(p)

Chromosome 0 position

Fig. 5. NeighborNet diagram of ISSR data. (Populations 1-11 are
according to Table 1).

LFMM analysis showed that ISSR loci 40 (Nm =
3.69), 42 (Nm = 0.25) and 24 (Nm = 0.62) had -log10
(p-value) of 1-0.05-2.10 and were significantly corre-
lated with the studied environmental parameters (P =
0.05). These results are summarized in a Manhattan
plot which is presented in Fig. 6. As it is evident, one
of these loci had high Nm value, while the other two
had low to medium Nm value. Therefore, the adap-
tive nature of these loci is not related to their migra-
tion nature.

Fig. 6. Manhattan plot of LFMM analysis in ISSR loci.

Morphological variability

An ANOVA test performed for quantitative mor-
phological characters showed a significant difference
(P = 0.01) among the studied populations. Moreover,
the CVA plots of the studied populations based on
all morphological characters (quantitative and qual-
itative) separated these populations from each other
(Fig. 7). This provides a discriminant analysis for two
or more groups. A scatter plot of specimens along the
first two canonical axes produces maximal and sec-
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an amount of variation explained by
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specific forms)

A UPGMA clustering of morpholog-
ical characters is presented in Fig. 8.
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The general grouping obtained is in

Fig.7. A CVA plot of the studied populations based on morphological characters. Popu-
lations 1-11are: Delijan, near Fojoor, Saveh-Salafchegan, Roodeshoor village, Samavak
village, Abegarm, Tehran-Saveh, Tehran-Qom, Nimvar village, Mahallat, opposite the

University, Delijan to Salafchegan, and Arak, respectively.

agreement with the genetic group-
ing of NJ tree presented before.
In both analyses, Populations 1-4
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Fig. 8. A UPGMA dendrogram of populations based on morphological characters. Popu-
lations 1 - 11 are: Delijan, near Fojoor, Saveh-Salafchegan, Roodeshoor village, Samavak
village, Abegarm, Tehran-Saveh, Tehran-Qom, Nimvar village, Mahallat, opposite the

University, Delijan to Salafchegan, and Arak, respectively.
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Fig. 9. Variation in petiole size and stem leaf length among the
studied populations.

acters of petiole length and stem
leaf length had the highest correla-
tion (>0.70) with the first PCA ax-
is and, therefore, are the most varia-
ble morphological characters among the Lallemantia
royleana populations. A comparison of these two
morphological characters among the studied popu-
lations is presented in Fig. 9. Populations 2, 3 and 4
(Saveh-Salafchegan, Roodeshoor village, and Saveh,
respectively) had the greatest number of these mor-
phological characters that differed significantly from
the other populations. No qualitative character was
identified by PCA. This result indicates that these
populations are uniform in their qualitative mor-
phological characters and all belong to a single spe-
cies. This result, in turn, supports their correct iden-
tification.
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Discussion

Genetic diversity is an important criterion for plant
populations in the process of facing the environmen-
tal changes and adapting to them. Occurrence of high
genetic diversity within population has been report-
ed in different plant species and outcrossing nature of
these species has been suggested to be the reason for
that (Sheidai & al. 2013). The same may hold true for
the Lallemantia royleana populations.

Among-population differentiation in phenotyp-
ic traits and allelic variation is expected to occur as
a consequence of isolation, drift, founder effects, and
local selection (Jolivet & Bernasconi 2007).

A Mantel test revealed that with the increase in ge-
ographical distance among the Lallemantia royleana
populations, a lower amount of gene exchange oc-
curred between them. In a similar study, Egelund & al.
(2012) reported a reduced gene flow among the pop-
ulations of Tea-Leaved Willow (Salix phylicifolia, Sali-
caceae) and considered genetic drift and inbreeding as
possible causes of such poor gene flow. Therefore, we
may suggest that a combination of genetic drift, lim-
ited gene flow and local adaptation may have played a
role in the genetic divergence of Lallemantia royleana
populations. However, as it was mentioned earlier,
ISSR markers only cover some parts of the genome.
Definitely, a more detailed genetic analysis with the
use of other molecular data must be performed to get
a more precise result.

According to Knaus (2008), “If we take the species
to be the unit of distinction, the infra-taxa (the sub-
species, the variety and the ecotype) are consequently
non-distinct. The process in which a group of organ-
isms diverge from being one cohesive group to becom-
ing two or more distinct groups is the process of spe-
ciation”. Stebbins (1993) also contributed the idea that
“species are systems of populations, which resemble
each other, yet contain genetically different ecotypes
that could be arranged in a continuous series. These
allopatric infra-specific categories are usually recog-
nized as infra-taxa”

Ockendon (1971) studied morphological diversity
in several geographical populations of the Linum per-
enne group in Europe. He reported that most of these
characters vary continuously and no sharp differenc-
es exist among the populations. However, a signifi-
cant difference was observed in some of the quantita-
tive characters. Moreover, a PCA plot showed that the

different populations were separated from each oth-
er. Therefore, different geographical populations were
considered to be ecotypes within each subspecies.

In the present study, the Lallemantia royleana pop-
ulations differed significantly in their genetic and mor-
phological features. We have obtained almost similar
groupings of the studied populations in both molecu-
lar and morphological tree and ordination. Therefore,
we may consider them as different ecotypes or vari-
eties of Lallemantia royleana. This holds particularly
true for the Populations 2, 3 and 4 (Saveh-Salafchegan,
Roodeshoor village, and Saveh, respectively), which
had significantly larger-sized petiole length and stem
leaf length, as compared to the other studied popula-
tions. These populations were separated from the oth-
ers in the PCA plot too.
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