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Abstract: Diospyros lotus is the one of the most frost-tolerant species in the Diospyros genera, used
as a rootstock for colder regions. Natural populations of D. lotus have a fragmented character of
distribution in the Northwestern Caucasus, one of the coldest regions of Diospyros cultivation. To
predict the behavior of D. lotus populations in an extreme environment, it is necessary to investigate
the intraspecific genetic diversity and phenotypic variability of populations in the colder regions.
In this study, we analyzed five geographically distant populations of D. lotus according to 33 mor-
phological leaf traits, and the most informative traits were established, namely, leaf length, leaf
width, leaf index (leaf to length ratio) and the length of the fourth veins. Additionally, we evaluated
the intraspecific genetic diversity of D. lotus using ISSR and SCoT markers and proposed a new
parameter for the evaluation of genetic polymorphism among populations, in order to eliminate the
effect of sample number. This new parameter is the relative genetic polymorphism, which is the
ratio of polymorphism to the number of samples. Based on morphological and genetic data, the
northernmost population from Shkhafit was phenotypically and genetically distant from the other
populations. The correspondence between several morphological traits (leaf width, leaf length and
first to fifth right vein angles) and several marker bands (SCoT5, SCoT7, SCoT30: 800–1500 bp; ISSR13,
ISSR14, ISSR880: 500–1000 bp) were observed for the Shkhafit population. Unique SCoT and ISSR
fragments can be used as markers for breeding purposes. The results provide a better understanding
of adaptive mechanisms in D. lotus in extreme environments and will be important for the further
expansion of the cultivation area for persimmon in colder regions.

Keywords: Diospyros; cold tolerance; genetic diversity; ontogenetic strategy; leaf traits; ISSR; SCoT;
polymorphism; morphological variability

1. Introduction

The Northwestern Caucasus is one of the northernmost growing regions for Diospyros,
and this species was first introduced here between 1880 and 1890. Natural populations
of D. lotus have a fragmented character of distribution in this region. D. lotus is the most
cold-tolerant species in the genus Diospyros and is important for the development of new

Int. J. Mol. Sci. 2022, 23, 2192. https://doi.org/10.3390/ijms23042192 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23042192
https://doi.org/10.3390/ijms23042192
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0500-1198
https://orcid.org/0000-0003-0587-1609
https://doi.org/10.3390/ijms23042192
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23042192?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 2192 2 of 15

cold-tolerant varieties and is often used as a cold-tolerant rootstock for D. kaki, allow them
to survive extreme temperatures down to −20 ◦C, with good yields [1,2]. This species is
important as a genetic resource in breeding programs aimed at cold tolerance and early
harvesting [3–6].

The adaptation of plant species to colder environment is believed to be due to phe-
notypic plasticity or adaptive evolution [7,8]. Phenotypic plasticity allows plants to adapt
to the new specific environment [9–13] and it is an underexplored topic, although its un-
derstanding is crucial for predicting plant behavior in future climatic scenarios [13–16].
Comprehensive information on longitudinal patterns of morphological trait variation is
very meaningful for exploring morphological diversity and evolutionary trends [12,17].
Under low-temperature stress, different morphological traits have a different character of
variability [18–21]. General variability and the coefficient of determination are two impor-
tant parameters for assessing morphological traits under stress [18,22]. These parameters
are useful for revealing the level of morphological integrity of the trait under stressful
conditions. Besides this, the index of vitality of coenopopulation (IVC) is one of the most
important diagnostic characteristics of coenopopulations. It indicates the general status of
populations and is used to count the ecological plasticity of the species [23]. These parame-
ters help to evaluate the phenotypic plasticity of populations, reveal the mechanisms by
which species acclimate in colder regions, and establish the most reliable morphological
indicators of cold adaptation.

In small populations or fragments, selection for local adaptation is less efficient because
of the effects of genetic drift on individual loci, and further, on the associations of alleles
at different loci [24,25]. However, nobody knows whether most adaptations in trees are
due to existing variation or new mutations. The population analysis of local naturalized
species will help to reveal the mechanisms of cold adaptation and will allow us to better
understand the evolutionary potential of the species.

Several DNA marker systems were developed and used for population studies in
Diospyros, such as RAPD [26], SSRs [27–31], ITS-sequence [32], SRAP [29,33], IRAP [34],
SCoT [34–36], ISSR [37] or orgDNA [38]. Among them, inter simple sequence repeats
(ISSRs) and start codon targeted (SCoT) are efficient, reproducible and highly polymorphic
multilocus markers for genetic diversity analyses [39,40]. The high occurrence of ISSRs
between normal coding genes and their presence in certain chromosomes as satellite bodies,
make ISSRs unique and advantageous for use in DNA fingerprinting. SCoT (start codon
targeted) markers are based on polymorphism in the short, conserved region in plant genes
surrounding the ATG translation initiation codon. The region flanking the ATG start codon
is highly conserved in all plant species [41,42]. Thus, ISSR and SCoT markers can be useful
to evaluate the genetic diversity within naturalized populations of Diospyros lotus.

The aim of this study was to analyze the variability among the geographically distant
populations of D. lotus according to their morphological traits and multilocus markers,
in order to predict ontogenetic strategy for D. lotus in the Northwestern Caucasus. The
obtained results provide a better understanding of the acclimation strategy of D. lotus and
will be important for the further expansion of the cultivation area for persimmon in the
colder regions.

2. Results
2.1. Morphological Variability, Trait Determination and Ontogenetic Strategy of D. lotus
Populations

A low level of general variability was observed for several traits: leaf length, leaf
width, petiole length, Leaf Index (LI), Leaf Blade Index (LBI), length of the fourth veins,
length of the fifth right vein, the angles of second, third, fourth and fifth veins. The greatest
general variability was observed in the following traits: the length of the first and second
veins, the distance between the bases of the first, second, third, fourth and fifth veins. The
low coefficient of determination was observed for the following traits: the angle of the first,
second, third, fourth and fifth veins, the length of the petiole and the LBI. Based on these
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data, all morphological traits were specified to one of the four groups of indicators with
different characters of morphological variability (Figure 1):

I. Bio-ecological indicators—traits with a high CV and high R2
m: length of first and

second veins, distance between veins.
II. Biological indicators –traits with a low CV and high R2

m. These are the most reliable
indicators representing the general state of the plant organism under the current
environment. These indicators are the leaf length, leaf width, LI and the length of the
fourth veins.

III. Genotype-specific indicators –traits with a low CV and low R2
m: petiole length, LBI,

length of the fifth right vein, and the angles of the second, third, fourth and fifth veins.
IV. Ecological indicators—traits with a high CV and low R2

m, for which variability is
weakly consistent with the plant organism: length of the fifth left vein, the angles of
the first veins, and the distance between the fourth and fifth left veins.
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Figure 1. The character of variability of leaf traits in D. lotus populations. Abscissa—the coefficient of
determination (R2

m) ordinate—general variability (CV). I—Bio-ecological indicators (length of first
and second veins, distance between veins); II—Biological indicators (leaf length, leaf width, leaf
index, length of the fourth veins); III—Genotype-specific indicators (petiole length, leaf blade index,
length of the fifth right vein, the angles of the second, third, fourth and fifth veins); IV—Ecological
indicators (length of the fifth left vein, angles of the first veins, distance between fourth and fifth left
veins); A—vein length, B—vein distances, C—vein angles. 1—petiole length, 2—leaf length, 3—leaf
width, 4—LBI, 5—LI, 6–15—vein lengths, 16–23—distances between vein bases, 24–33—vein angles;
the oval is the area of the dispersion of values.

By analyzing the intraspecific differences, a significantly higher R2
m was detected in

the Shkhafit and Gagra populations as compared to the other three populations (Figure 2A;
Supplementary Table S1). In addition, the Shkhafit population showed a significantly
higher vitality index (IVC), as compared to the other four populations (Figure 2B;
Supplementary Table S1). Based on the intraspecific morphological diversity, the joint
trend of the ontogenetic strategy of D. lotus was constructed. Two populations (Gagra
and Shkhafit) showed higher IVC and R2

m, as compared with the other three populations.
However, the joint trend showed a depressive-type curve, indicating the weaknesses of the
morphological integrity of D. lotus under increasing environmental stresses (Figure 2C).
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Figure 2. (A,B) The statistical significance of the differences in the coefficient of determination (R2
m)

and vitality index (IVC) between D. lotus populations, assessed by ANOVA: four s standardized
over Sukhum, which is taken as 0; * represents significant differences at the confidence interval of
95%. (C) The trend of ontogenetic strategy of D. lotus on the Northwestern Caucasus. Each data
point is calculated on about 10 trees (48–50 leaves per tree) and represents average values of R2

m
and IVC, combined over 33 morphological traits: 1—Gagra, 2—Shkhafit, 3—Sochi, 4—Gulripsh and
5—Sukhum.

2.2. Efficiency of ISSR and SCoT Markers, Intraspecific Diversity of D. lotus and Correspondence
with Morphological Traits

Generally, the SCoT markers showed significantly higher discriminative power and
higher PIC values than the ISSR markers for the intraspecific diversity analysis of D. lotus.
The level of intraspecific genetic diversity was consistent between two marker systems:
0.50 (by ISSR data) and 0.47 (by SCoT data) (Table 1).
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Table 1. Genetic diversity parameters of ISSR and SCoT markers in D. lotus populations (N = 52).

Marker Primer 5′-3′ Na P. Bands, % PIC D

ISSR815 (CT)8G 10 50.00 0.35 0.13
ISSR880 (GGAGA)3 13 38.46 0.34 0.13
ISSR13 (AC)8C 7 14.29 0.33 0.27

ISSR14.1 (CT)8TG 9 44.44 0.34 0.24

Mean ± SD 9.75 ± 2.5 36.80 ± 15.7 0.34 ± 0.01 0.19 ± 0.07

SCoT05 CAACAATGGCTACCACGA 10 10.00 0.38 0.76
SCoT07 CAACAATGGCTACCACGG 4 50.00 0.46 0.35
SCoT20 ACCATGGCTACCACCGCG 12 41.67 0.39 0.63
SCoT26 ACCATGGCTACCACCGTC 9 11.11 0.39 0.75
SCoT30 CCATGGCTACCACCGGCG 11 27.27 0.43 0.61
SCoT32 CCATGGCTACCACCGCAC 6 50.00 0.39 0.64

Mean ± SD 8.67 ± 3.08 31.68 ± 18.35 0.41 ± 0.03 0.62 ± 0.15

A total of 39 bands were detected with four ISSRs, ranging from Na = 7 (ISSR13) to
13 (ISSR880). The average number of polymorphic bands was 36.80%, ranging from 14.29%
(for ISSR13) to 50.00% (for ISSR815) (Table 1). The average PIC was 0.34 and without
significant differences among the ISSR markers.

A total of 52 bands were detected with six SCoTs, ranging from 4 (for SCoT07) to
13 (for SCoT20). The average number of polymorphic bands was 31.68%, ranging from
10.00% (for SCoT05) to 50.00% (for SCoT32). The mean PIC was 0.41, ranging from 0.38 (for
SCoT05) to 0.46 (for SCoT07).

Generally, the ISSR markers detected a higher percentage of monomorphic bands, as
compared to the SCoT markers. According to the SCoT data, Shkhafit and Gagra showed
lower genetic polymorphism, as compared to the Gulripsh, Sochi and Sukhum populations
(Table 2). Interestingly, the ISSR data did not correspond with the SCoT results, and showed
the highest relative polymorphism in the Gagra populations, whereas the lowest relative
polymorphism was revealed in the Gulripsh and Shkhafit populations (Table 2).

Table 2. Genetic polymorphism (P) in different D. lotus populations, assessed by ISSR and SCoT markers.

POP N P ISSR P SCOT RELATIVE P ISSR RELATIVE P
SCOT

SHKHAFIT 9 7.69% 30.77% 0.85% 3.42%
GAGRA 18 46.15% 59.62% 2.56% 3.31%
SOCHI 9 17.95% 50.00% 1.99% 5.55%

SUKHUM 10 12.82% 53.85% 1.28% 5.39%
GULRIPSH 6 2.56% 32.69% 0.42% 5.45%

MEAN 10.4 ± 4.5 17.44% ± 7.62% 45.38% ± 5.79% 1.42% ± 0.11% 4.62% ± 0.15%

The hierarchical clustering of 52 accessions based on SCoT and ISSR data, indicated
four distant sub-branches (Figure 3). The biggest genetic distance was observed between
the northernmost Shkhafit population (sub-branch I) and the other four populations. The
second most distant sub-branch, sub-branch II, combined 12 accessions, which mostly
belonged to the Gulripsh and Sukhum populations. In addition, sub-branches III and
IV showed less genetic distance and were placed closer together. Wherein, sub-branch
III consisted of eight accessions, which belonged to the Sochi and Gagra populations.
Finally, the most abundant sub-branch, sub-branch IV, combined 24 accessions, which
mostly belonged to the Sochi, Gagra and Sukhum populations. Thus, applied multilocus
DNA-markers showed clear genetic dissimilarity between some geographically distant
populations of D. lotus.
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To detect a possible correlation and correspondence between genetic and morphologi-
cal data, we used PCA biplot, representing the associated characteristics and relationships
of variables (DNA bands, morphological traits) and observations (populations of D. lotus)
(Figure 4). The first two PC showed 48.69% cumulative variation. The PCA biplot displayed
the distribution of the accessions in several distinct groups: Shkhafit, Gagra, Gulripsh and
the mixed group of Sochi and Sukhum populations.

According to PCA biplot, the accessions of Shkhafit were positioned on the positive
sides of PC1 and PC2, with high loading. On the other hand, the accessions of Gagra were
distributed on the positive side of PC1 and the negative sides of PC2. The accessions of
Gulripsh, Sukhum and Sochi were grouped mostly on the positive loading of PC2 and the
negative loading of PC1. In general, our previous results on relative genetic polymorphism
among populations (Table 2) corresponded with the placement of the accessions on the
PCA diagram: the widest spread of the data points were observed in populations with the
greatest relative genetic polymorphism. Opposite to this, the densely grouped data points
(the Shkhafit population) indicate the low level of relative genetic polymorphism.

Most vectors of the morphological characteristics were distributed with high loading
located on the positive side of the PC1. The proximity of the accessions to the vectors
was in agreement with the strong influence of those characteristics (vectors) on the closest
accessions. For example, the Shkhafit accessions were placed closely to the vectors of
several morphological traits (leaf length, leaf width, first to fifth right vein angles) and
several marker bands (SCoT5_1250, SCot5_1500, SCoT7_850, SCoT30_800, ISSR14.1_500,
ISSR14.1_770, ISSR14.1_1000, ISSR13_700, ISSR13_750, ISSR880_500 and ISSR880_550),
which corresponded to the highest leaf length and width and to bigger vein angles in this
population, as compared with the other populations. On the other hand, morphological
traits, such as the first to fourth veins base distances, the length of leaf veins, left vein angles
and LI, as well as some marker bands (SCoT5_2250 and ISSR13_800), highly correlated to
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each other and were positioned with high positive loading in PC1. Interestingly, the length
of the fifth right vein was loaded on the orthogonal position, together with the Sukhum,
Gulripsh and Sochi data points. In addition, several ISSR and SCoT bands showed close
relationships to these accessions; however, their PC scores were low. Finally, many DNA
bands were positioned as outliers on the negative side of both PCs, indicating neither an
association with a certain population, nor an association with a certain trait.
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3. Discussion
3.1. Morphological Variability, Trait Determination and Ontogenetic Strategy of D. lotus
Populations

Morphological variation is commonly influenced by genetic variation, environmental
variation, or the interactions between them [43–46]. Morphological variation underlies
phenotypic plasticity, which is always present among plant leaves due to the modularity of
their design, such that individual leaves can acclimate to their own environment [13,21].
In our study on D. lotus, different leaf traits were characterized by different characters
of variability, indicating the different mechanisms underlying this variability, which is
consistent with some other studies on several crops [12,13,17]. According to our results,
we classified leaf morphological traits into four groups (I-bio-ecological indicators, II-
biological indicators, III-genotype-specific indicators and IV-ecological indicators), based
on correlation analysis. Compared with the other indicators, the biological indicators are
considered as the most informative and highly determinative traits (high R2

m value), with a
low level of general variability (low CV value). These indicators in D. lotus are leaf length,
leaf width, Leaf index, and the length of the fourth leaf veins. Other studies on oak also
showed that inter-population differences in leaf size were associated with the temperature
at the sites of origin, suggesting local adaptation in response to diverging climates [9].
However, in another species, leaf width and leaf diameter did not correlate with climate,
longitude or other environmental factors [12]. Probably, in different plant species, different
morphological indicators underlie the adaptation and plasticity of this species.
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Generally, a depressive type of ontogenetic strategy was established for species of
D. lotus. However, among populations, the different trends of ontogenetic strategies indicate
the better state of plants in the Shkhafit and Gagra populations, as compared to those
from Sochi, Sukhum and Gulripsh. The index of vitality of coenopopulations represents
the state of these populations in the current, and the ratio of vitality indexes over time
indicates the ecological plasticity of the coenopopulations [23]. Interestingly, a significant
difference in IVC was observed between Shkhafit and other populations. The higher
IVC in the northernmost Shkhafit population showed the greater adaptive potential of
this population. Furthermore, the higher R2

m value observed in the Shkhafit and Gagra
populations indicates a higher level of morphological integrity of the morphological traits,
and a better adaptability of these two populations in a changing environment.

3.2. Efficiency of ISSR and SCoT Markers, Intraspecific Diversity of D. lotus and Correspondence
with Morphological Traits

In our study, SCoT markers displayed greater polymorphism and discriminative
power as compared with ISSRs. This is consistent with Gorji et al. (2011), who also
demonstrated that the SCoT technique was more efficient than the ISSR technique [47]
for persimmon genotyping. SCoT markers are considered as “molecular marker genes”
because they associated with start codons ATG and amplify the sequence between two
different genes, and so could provide more information for breeding [2,34,36,48]. On
the other hand, some studies on different plant species showed that ISSR markers were
always more polymorphic than SCoTs [42,49–51]. However, other studies reported the
better polymorphism of SCoT markers, compared to ISSRs [52–54]. We speculate that SCoT
markers show better results than ISSR when analyzing homogenous sample sets with a
low level of genetic diversity, as seen in the current research on D. lotus. On the other
hand, ISSRs show better results than SCoTs when analyzing a diverse germplasm. This
speculation is in accordance with recently published results on Aegilops tauschii [55].

The level of genetic diversity among different regions could reflect the ability of species
to adapt to the environment to some extent [3]. Generally, we observed a low level of
intraspecific genetic diversity in D. lotus; many ISSR and SCoT bands were monomorphic.
On the other hand, other researchers detected more than 90% genetic polymorphism in
D. lotus [2,34,36]. They reported an abundant phenotypic and genetic diversity among
different D. lotus varieties worldwide. The low level of genetic diversity could be a con-
straint to the further expansion of the cultivation area of D. lotus in North Caucasus. Thus,
introduction of more D. lotus germplasm from other sources is necessary in order to increase
heterozygosity in local populations.

The main difficulty in comparing the level of polymorphism between studies and
populations, is the different number of samples included in the different studies. A higher
number of accessions usually shows a higher polymorphism in the sample set [52,53]. In
this regard, we propose to use the relative level of polymorphism, which is the ratio between
the polymorphism and the sample number. This will provide a better comparison of the
genetic polymorphism level between different studies, or between different populations in
one study.

Interestingly, according to genetic analysis, most accessions of the southernmost popu-
lations (Sukhum and Gulripsh) were placed on the greatest distance from the northernmost
Shkhafit population. Along with this, it was indicated that the northernmost population
from Shkhafit had the lowest level of genetic polymorphism. In contrast, the highest level
of relative genetic polymorphism was detected in the southernmost Gulripsh population.
Gulripsh, Sukhum and Gagra are the first locations of Diospyros introduction to the Western
Caucasus [4,5], and this could be the cause of the higher genetic diversity in these locations.
Genetic dissimilarity analysis showed mixed clusters IV and III, where the Sochi accessions
were closely related to the Gagra and Sukhum accessions. We suppose that from there, this
crop was transferred to Sochi and propagated. Lately, this germplasm moved to Shkhafit,
expanding the cultivation area in a northern direction. In addition, the lower polymor-
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phism, lower genetic diversity and close genetic relationships of the Shkhafit accessions,
represented in Table 2 and Figures 3 and 4, led us to the conclusion that this population
was descended from a single ancestor, which was genetically and morphologically different
from the other four populations. Based on the obtained results, we can speculate that
adaptations to colder environments in D. lotus could be due to both existing trait variation
and new mutations, as supported by several other studies [43,44].

Using PCA, we expected that the established biological indicators (leaf length, leaf
width, Leaf index and the length of the fourth leaf veins) would be strongly associated
within the Shkhafit population. Interestingly, among these biological indicators, leaf length
and leaf width were closely associated within Shkhafit population. In addition, the first to
the fifth right vein angles were positively loaded with the Shkhafit data points. Vein angles
had low CV and low R2

m values and were classified as genotype-specific indicators, which
are not subjected to any variability (Figure 1). On the other hand, leaf length and leaf width
were proposed as the most important morphological indicators, as confirmed by PCA.
Additionally, the PCA results indicate that most of the other leaf traits were significantly
correlated with each other, which is consistent with some other studies [12,13]. Most bio-
ecological and ecological indicators (with high CV values) were placed closer in the PCA
biplot. Interestingly, genotype-specific indicators, such as petiole length, LBI and fifth right
vein length, showed a distant position from them. Thus, PCA only partly supported our
classification of morphological indicators into the four distinct groups. Finally, the unique
bands associated with the Shkhafit data points could be used as important markers for
further genetic diversity studies in Diospyros.

4. Materials and Methods
4.1. Plant Material and Morphological Evaluations

For morphological analysis, 52 trees of five populations with 48–50 leaves per tree
were evaluated. All trees were fully developed, about 10–18 m high and 50–80 years old.
The distances between the trees within each population were 50–600 m. The distances
between populations were about 30–50 km. In total, 33 morphological leaf traits were
evaluated (Supplementary Table S1; Figure 5). The minimum winter temperatures for
each population were negative 3 ± 2 ◦C (Gulripsh, Sukhum), negative 5 ± 2 ◦C (Gagra),
negative 7 ± 2 ◦C (Sochi), and negative 13 ± 2 ◦C (Shkhafit).
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leaf parameters. Measurements were performed in 2× and 3× fold zoom of the scanned
leaf images by one operator. In total, more than 80,000 measurements with an accuracy of
0.001 cm, were collected in this analysis. The main measured morphological parameters
were petiole length, leaf length, leaf width, length of the five main leaf veins on both the
left and the right sides, the distance between the bases of these veins, the distances between
the ends of these veins, and the angles between the veins and the central vein on both
leaf sides.

Leaf index LI = B
C and leaf blade index LBI = A

B , were counted, where A is leaf
length, B is leaf width and C is petiole length.

The structure of the morphological variability of the leaf traits was assessed by the
general variability and coefficient of determination of leaf traits [23,56–61].

The general variability is the coefficient of variability of the trait (CV) (%) counted as:

CV =
σ

k
∗ 100

where σ is the standard deviation and k is the mean values of the trait [23,56–61].
The average coefficient of determination of the certain trait was calculated as a square

of the correlation coefficient r2, averaged over the entire matrix of morphological traits,
as follows:

R2
m = 1− Y′∗(I− P(X))∗Y

Y′∗(I− π(X))∗Y
,

where X is matrix nxk-values of the factors, Y is the standard deviation, P(x) is the projection
to the plane X, and π(X) is the distribution of the simple numbers [23,56–61].

The Index of Vitality of the Coenopopulation (IVC) was counted as:

IVC =
∑N

i=1 Xi/Xi

N

where Xi is the mean value of i-th trait for certain coenopopulation, X is the mean value of
i-th trait for all coenopopulations, and N is the number of traits [23,56–61].

The ontogenetic strategy of the population represents the character of the morpho-
logical integrity of plants, assessed by the coefficient of determination of traits (R2

m) and
by IVC, and represented by the graph wedge. Each type of strategy is characterized by
its own complex of adaptive features. Evaluation of strategies was performed by the
character of the graph wedge showing the changes in population response to the environ-
ment [23,56–61]. According to this, there are four different types of ontogenetic strategies
(Figure 6) as follows:

1. Defensive-type strategy: the increase of stress leads to the strengthening of morpho-
logical integrity and plant development.

2. Depressive-type strategy: the increase of stress leads to the weakening of morphologi-
cal integrity and plant development.

3. Defensive–depressive-type strategy: the increase of stress leads first to the strengthen-
ing and then to the weakening of morphological integrity.

4. Depressive–defensive-type strategy: the increase of stress leads first to the weakening
and then to the strengthening of morphological integrity.
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4.2. DNA Extraction and Genetic Analysis

In total, 52 trees of five distant populations (Figure 5) were included in the genetic
analysis. Young and healthy leaves of each accession were collected in 2 mL tubes and
dried using silica gel. The leaf material was stored at 4 ◦C until DNA isolation. The dried
leaf material was ground and DNA extraction was performed using the CTAB protocol [62].
DNA quality was checked by agarose-gel electrophoresis and spectrophotometrically, and
all samples were diluted to 20 ng µL−1 and stored at −20 ◦C.

Five ISSR [63,64] and six SCoT [41] primers were used for population analysis. PCR
for the ISSR amplification was performed in a 20 µL PCR reaction mixture consisting of
a 10 µL 2× HS-TaqPCR reaction buffer, including Hot Start Taq-Polymerase (Biolabmix,
Novosibirsk, Russia), 0.3 µL of primer (10 µM), 1 µL of DNA (20 ng µL−1) and DEPC-
treated water. Amplification was carried out in the MiniAmp thermal cycler (Thermo
Fisher Scientific, Waltham, MA, USA) with the following program: primary denaturation
for 5 min at 95 ◦C, then annealing during 40 cycles of 20 s at 53 ◦C, with elongations at
72 ◦C for 1 min 45 s and the final elongation at 72 ◦C for 7 min. The separation of ISSR
fragments was performed on a 2% agarose gel for 2.5 h at 90 V in a 1 × TAE buffer. The
data were recorded as a 1/0 matrix for the presence and absence of amplified fragments.

The SCoT PCR reaction mixture consisted of a 10 µL 2× HS-TaqPCR reaction buffer,
including Hot Start Taq-Polymerase (Biolabmix, Novosibirsk, Russia), 0.4 µL of primer
(10 µM), 2 µL of DNA (20 ng µL−1) and DEPC-treated water, in a total PCR volume of 20 µL.
Amplification was carried out in the MiniAmp thermal cycler (Thermo Fisher Scientific,
USA) with the following program: primary denaturation 5 min at 95 ◦C, 35 cycles with
denaturation at 95 ◦C—1 min, annealing at 52 ◦C—1 min, elongation at 72 ◦C for 2 min and
final elongation at 72 ◦C for 5 min. The separation of SCoT-fragments was performed in a
2% agarose gel for 2.5 h at 90 V in a 1 × TAE buffer. The data were recorded as 1/0 matrix
for the presence and absence of amplified fragments.

4.3. Statistical Analysis

The morphological data analysis was performed using the XLSTAT tools. ANOVA
was used to analyze the significance of the morphological differences with a confidence
interval of 95%.

To compare the efficiency of the ISSR and SCoT makers, genetic diversity parame-
ters were calculated using the GeneAlex ver. 6.5 software [65,66]. The analysis function
‘Matches’ in GeneAlex ver. 6.5 [67] was used to identify genotypes with identical allelic
patterns within the ISSR and SCoT datasets. The online resource https://irscope.shinyapps.
io/iMEC/, accessed on 15 February 2022 [68] was used to evaluate the following marker pa-
rameters:

https://irscope.shinyapps.io/iMEC/
https://irscope.shinyapps.io/iMEC/
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PIC (Polymorphism information content)—probability that the marker genotype of a
given offspring will allow deduction, in the absence of crossing over, and which of the two
marker alleles of the affected parents it received.

D (Discriminating power)—the probability that two randomly chosen individuals
have different patterns, and thus are distinguishable from one another.

Polymorphism level was also calculated. To eliminate the effect of sample number, we
proposed the parameter of relative polymorphism (the ratio of P to N) for comparing the
polymorphism levels of different populations.

Additionally, the XLStat software was used for hierarchical clustering, and dissimilar-
ity was calculated using the DICE coefficient, with agglomeration by the Ward’s method.
PCA analysis was used to find associations between traits. The joint matrix for these anal-
yses contained phenotypic matrix data (33 evaluated traits) and the genetic marker data
(53 polymorphic ISSR and SCoT bands) in 52 accessions of D. lotus. Data standardization
was performed through the “Coding by ranks” function in the XLSTAT software. This
coding was performed for genetic data and for morphological data, separately. After this,
the results of the coding were combined in a joint matrix and analyzed by Pearson (n)
PCA type.

5. Conclusions

Among the different morphological traits, several traits were established as more
informative with a low level of general variability: leaf length, leaf width, LI and length
of the fourth veins. Generally, the Depressive-type ontogenetic strategy and a low level
of intraspecific genetic diversity was observed in D. lotus in the Northwestern Caucasus.
However, a higher vitality index was observed in the northernmost population in Shkhafit,
indicating a greater adaptive potential of this population, as compared to the other four
populations.

The strong associations of several morphological traits (leaf length, leaf width and first
to fifth right vein angles) and several marker bands (SCoT5_1250, SCot5_1500, SCoT7_850,
SCoT30_800, ISSR14.1_500, ISSR14.1_770, ISSR14.1_1000, ISSR13_700, ISSR13_750,
ISSR880_500 and ISSR880_550) were detected for the Shkhafit population. Based on these
results, it can be concluded that most adaptations in D. lotus are due to both existing varia-
tion or new mutations. Unique SCoT and ISSR fragments were detected for the Shkhafit
population and can be used as markers for breeding purposes. The results provide a
better understanding of the adaptive mechanisms of D. lotus in extreme environments,
and will be important for the further expansion of the cultivation area for persimmon into
colder regions.
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