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Haloxylon aphyllum is a significant species adapted to salinity conditions and plays an im-
portant role in stabilising soil, providing forage, and serving as a source of firewood for
residents. In this study, the genetic diversity of four populations of H. aphyllum in Iran
was examined using four primers to assess genetic diversity, which produced a total of 41
bands. The AMOVA test showed that the studied populations differed in their genetic con-
tent. Specifically, 46% of genetic variability occurred within populations, while 54% arose
between populations, indicating a high degree of genetic variation among H. aphyllum
populations. The Mantel test presented a significant correlation between genetic distance
and geographic distance. Additionally, the STRUCTURE analysis presented comprehen-
sive information on the genetic structure of the studied H. aphyllum populations. The pres-
ence of genetic diversity and heterozygosity among H. aphyllum populations suggests local
adaptation among populations, which may be due to the heterogeneity of environmental
factors such as soil moisture and nutrients that create genetic heterogeneity.
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INTRODUCTION

Deserts in the Irano-Turanian region are abundant with Haloxylon Bunge
ex Fenzl plant. A tree or large shrub is their life form (Iljin 1936, Netchaeva et
al. 1973). Haloxylon species has a special photosynthetic apparatus. The leaves
are reduced, and the anatomical structure shows C4 photosynthesis. Desert
areas are known as fragile ecosystems (Jafari et al. 2003). One of the biologi-
cal methods to reduce desertification is using the biological stabilisation of
Haloxylon sp. (Xu et al. 2014). Haloxylon aphyllum (Minkw.) Iljin and H. persi-
cum Bunge (having the common name of black and white saxauls) previously
belonged to the family Chenopodiaceae but were reclassified to the family
Amaranthaceae in the APG IV (Angiosperm Phylogeny Group) classification
system (2016). These succulent plants drop salt-rich stems and leaves to pro-
tect themselves and adapt to salinity conditions. Haloxylon aphyllum is an im-
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portant species that adapts to salinity conditions and plays an important role
in soil stabilisation (Gintzburger ef al. 2003, Nikitin 1966).

The morphological diversity of Haloxylon communities has shown re-
markable variations due to wind erosion and land degradation. Genetic di-
versity and population structure information are needed for this commu-
nity to aid conservation and restoration efforts. As populations evolve, they
achieve a defined optimum of genetic diversity, which causes disruptions in
the genetic balance and disrupts ecosystem conditions (Altukhov 2003). Iden-
tifying ecological elements in such microevolutionary processes is crucial to
gain deep insight into them (Mitton et al. 1998, Nevo et al. 1994, Prentice et al.
2000). In the presence of undulate biological and abiotic factors, genetic diver-
sity plays an important role in species adaptation, so this factor is so vital to
the survival of the species (Vrijenhoek 1994).

Over the past few decades, various genetic techniques have emerged in
molecular genetics, including several PCR-based genetic markers that pro-
vide valuable information on genetic variations in plant species. Among these
markers, the ISSR (inter simple sequence repeat) molecular markers are stable,
highly reproducible, and easy to work with, making them useful in various
biological investigations (Minaeifar et al. 2015, Sheidai et al. 2012, 2013, 2014,
Tahmasebi and Nasrollahi 2021). Despite their utility, little research has been
conducted on assessing Haloxylon genetic diversity. Shuyskaya et al. (2012)
studied the genetic differentiation of Haloxylon aphyllum in the Kyzylkum
land and found that populations were noticeably deficient in heterozygotes,
despite a medium degree of genetic diversity.

In the current study, we used an ISSR marker that has not been previ-
ously applied to H. aphyllum. The main objectives of our study were (1) to
evaluate the genetic relationships within Iranian Haloxylon using molecular
data and (2) to identify the population genetic structure and gene flow in four
local populations of H. aphyllum. To the best of our knowledge, this is the first
study of Iranian Haloxylon aphyllum, and the information obtained from this
study can be utilised for the conservation, breeding, and sustainable manage-
ment of this plant species.

MATERIAL AND METHODS
Plant material

Genetic and morphological data considered in this study are based on
61 samples from four populations in Haloxylon aphyllum (Fig. 1). The plant
samples were collected from four geographical populations of Iran, and their
habitat is shown in Figure 2. GPS specified the geographical coordinates and
elevation of each genotype habitat (Table 1).
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Table 1
Investigated Haloxylon populations.
Pop. Code Locality No.of  Longitude  Latitude  Altitude

samples (m)
1 Y  Yazd 18 E 54.3569° N 31.8974° 1,216
2 S  Semnan 19 E 53.3798° N 35.5788° 1,130
3 C Sistan and Baluchestan 12 E 60.5821° N 27.5300° 1,224
4 K Kerman 12 E 57.0834° N 30.2839° 1,775

DNA extraction — The genomic DNA was extracted by CTAB-activated
charcoal protocol (Amini et al. 2018, Cullings 1992, Doyle and Dickson 1987,
Doyle and Doyle 1987, Nasrollahi et al. 2019). The quality and quantity of ex-
tracted were tested by running on 0.8% agarose.

ISSR analysis — In the current study, a total of eight ISSR primers were
screened (Al Salameen et al. 2018). Among eight used ISSR primers, four prim-
ers revealed the amplified DNA fragments. The PCR reaction was done with 61

Fig. 1. Distribution map of the studied Haloxylon aphyllum populations in Iran. Populations
are marked with codes S, Y, K, and C, according to Table 1
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Table 2 Table 3
The used ISSR primers PCR program for ISSR primers

Code Sequences Step Temper- Time Cycling

ISSR13  (ACG),GA ature

ISSR826  CCCGGATCC (CA), Initial denaturation 94 °C 5 min -

ISSR810  (GA),T Denaturation 94 °C 60s -

ISSR7 (AC),AG Annealing 52-55°C  60s 40
Extension 72°C 90 s -
Final extension 72 °C 6 min 1

samples and four ISSR primers (Table 2) in a 25 yL reaction volume, including
2.5 mM MgCl, (Cinna Gen Co, Iran), 0.2 uM of primer (Cinna Gen Co, Iran), 10
mM Tris-HCl, pH 8.3, 1 mM dNTP mix (Cinna Gen Co, Iran), 1 U of Tag DNA
polymerase-500 (Cinna Gen Co, Iran), and 15 40 ng of template DNA. ISSR-PCR
was performed in the thermocycler (Biorad, USA) with the program in Table 3.
The amplified product was checked in 1% agarose gel electrophoresis.

Molecular analysis

The obtained ISSR bands were treated as binary characters, with the
presence of a band coded as 1 and absence as 0. Genetic diversity parameters,
such as Nei’s gene diversity (H), Shannon information index (I), number of
effective alleles, and percentage of polymorphism, were determined for each
population using the methods described by Freeland et al. (2011). Nei's ge-
netic distance was used to perform clustering algorithms, including Neigh-
bour-Joining (NJ), WARD, and Unweighted Paired Group Average (UPGMA).
Principal Coordinate Analysis (PCoA) and Multidimensional Scaling (MDS)
methods were also used for grouping the populations after 100 times permu-
tation (Freeland et al. 2011).

Fig. 2. The natural habitat of Haloxylon aphyllum
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Items of ISSR bands in Haloxylon aphyllum gzlgflﬁations (populations 1-4 matching Figure 1)
Popl Pop2 Pop3 Pop4

No. bands 26 23 21 15

No. bands freq. (= 5%) 20 29 23 19

No. private bands 3 2 0

No. common bands (< 25%) 0

To calculate the correlation between the genetic and geographical distances
of the studied populations, Mantel’s test was performed using PAST ver. 2.17
(Hammer et al. 2012) and DARwin ver. 5 (Perrier and Jacquemoud-Collet 2006)
programs. To determine the genetic differentiation of the species, AMOVA anal-
ysis (Analysis of Molecular Variance) was performed using GenAlex 6.4 (Peakall
and Smouse 2006). Gene flow was estimated using the Nm value, which is an
estimate of gene flow from GST using Pop Gene ver.1.32 (Nm = 0.5 (1-GST)/
GST) and by the least square method, as performed in T-REX (Boc et al. 2012).

The genetic structure of the populations was analysed using a model-
based clustering approach implemented by the STRUCTURE software ver. 2.3
(Pritchard et al. 2000). The optimal value of K in the population studied was de-
termined using the STRUCTURE Harvester website (Earl and von Holdt 2012).

RESULTS
ISSR assay and genetic diversity

The results of the DNA extraction process showed the acceptable qual-
ity of the obtained molecules for use in the genetic diversity study. The gel
electrophoresis results showed that the resulting nucleic acid molecules do
not have any smears and can be used in the polymerase chain reaction. ISSR
primers produced 41 reproducible bands/loci (Table 4). The discriminating
power of ISSR loci shows that approximately all ISSR loci have great discrimi-
nating authority. Therefore, ISSR markers in plant population differentiation
of Haloxylon aphyllum studied are efficient.

The DCA plot (Detrended Correspondence Analysis) revealed that the
loci are located in different positions, so the ISSR molecular markers are
distantly related (Fig. 3). This analysis shows that these markers are related
to different genome regions, making them effective molecular markers for
differentiating the studied populations. Genetic diversity parameters deter-
mined in H. aphyllum are reported in Table 5. The percentage of genetic poly-
morphism taken ranged from 7.43% in population 2 to 52.62% in population
4. Ne, genetic distance and genetic identity determined among H. aphyllum
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Table 5
Genetic diversity details in Haloxylon aphyllum populations (populations 1-4 are accord-
ing to Figure 1)

Pop N Na Ne I He uHe %P

Popl 18.000 0.603 1.177 0.158 0.106 0.127 28.02
Pop2 19.000 0.233 1.063 0.054 0.037 0.049 7.43
Pop3 12.000 0.726 1.147 0.154 0.096 0.105 36.68
Pop4 12.000 1.082 1.224 0.224 0.142 0.148 52.62

N = number of studied plants, Na = number of different alleles, Ne = number of ef-
fective alleles, I = Shannon’s information index, He = expected heterozygosity, uHe =
unbiased gene diversity, and P% = percentage of polymorphic loci

populations showed that genetic similarity among populations ranged from
1.063 to 1.244. Populations 2 and 3 show the most genetic similarity (Table 6).

Genetic differentiation

AMOVA proved that studied populations differ markedly in their ge-
netic content (P = 0.001). This analysis identified that 46% of genetic variation
occurred within populations, and 54% arose between populations. These re-
sults displayed a great degree of genetic variability among Haloxylon aphyllum
populations. As well as paired-sample AMOVA indicated remarkable differ-
ences between the mentioned populations (Table 7).

STRUCTURE analysis (Fig. 4) represented the genetic structure of the
populations above. The studied populations included some specific genetic
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Fig. 3. DCA plot of ISSR loci in Haloxylon aphyllum
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Table 6
Nei’s genetic identity (above diagonal) and genetic distance (below diagonal) (popula-
tions numbers matching to Figure 1)

Pop ID 1 2 3 4
1 0.7121 0.7482 0.7129
2 0.6876 0.8771 0.8233
3 0.6621 0.7681 0.8595
4 0.3311 0.2267 0.1551

content and allele combinations (different colour segments). This analysis
showed a low level of gene flow and common ancestral alleles (same colour
segments). These populations contained some specific genetic content and al-
lele combinations (differently coloured segments). This analysis indicated a
slight degree of gene flow and ancestral common shared alleles in H. aphyllum
populations (similarly coloured segments). STRUCTURE analysis displayed
comprehensive information on the genetic structure of the studied H. aphyl-
lum populations (Fig. 4). The populations S and Y show similarly coloured
segments, so they are genetically similar due to a great level of ancestral al-
leles. Populations K and C differed in colour segments and contained distinct
allele combinations.

Genetic grouping and population affinity

UPGMA clustering of Haloxylon aphyllum trees by ISSR data nearly placed
trees of each population in distinct clusters (Fig. 6). In a few exceptions, indi-
viduals with common alleles were mixed together. This result shows that ISSR
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Fig. 4. STRUCTURE plot of the studied Haloxylon aphyllum based on ISSR molecular data
(populations 1-4 match Table 1)
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Table 7
Pair-wise AMOVA between Haloxylon aphyllum populations (PhiPT Values below diago-
nal. Probability values based on 99 permutations are shown above diagonal) (popula-
tions 1-4 are presented in Figure 1)

AMOVA Pop 1 Pop 2 Pop 3 Pop 4
Popl 0.000 0.010 0.020 0.010
Pop2 0.434 0.000 0.010 0.010
Pop3 0.586 0.230 0.000 0.010
Pop4 0.843 0.572 0.324 0.000

molecular markers are a powerful molecular tool to differentiate H. aphyllum
populations.

The PcoA plot determined the genetic affinity of H. aphyllum populations
after 1,000 times permutation (Fig. 5). So the populations are placed in two major
groups. The first group includes the populations of Yazd and Semnan. The pop-
ulations of Sistan and Baluchestan, and Kerman form the second major group.

After 10,000 permutations, the Mantel test revealed a considerable cor-
relation (P =< 0.01) between geographical and genetic distance in the popula-
tions. Thus, as the populations deviate from each other, they become more
divergent in genetic characteristics.

Neighbour-Net network revealed between and within-population genet-
ic variability in H. aphyllum (Fig. 7). The length of edges and sidebars indicate
genetic differences of the studied H. aphyllum trees.

AC
o~ AS
2
8
(@) AY
A K
Coord. 1

Fig. 5. PCoA plot after 1,000 times permutation
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Fig. 6. UPGMA clustering of the studied populations based on ISSR data

DISCUSSION

In terms of genetic and breeding studies, Haloxylon aphyllum is of great
importance. This tree species grows in different geographical regions of Iran,
so genetic studies need to be carried out on its populations. Using popula-
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Fig. 7. Neighbour-Net of the studied populations based on ISSR data. (Populations match-
ing Table 1)
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tion genetics, we can better understand the genetic structure, classification vs.
gene flow, and genetic divergence of populations, which can be used in future
conservation and remediation programs (Freeland et al. 2011).

In the present study, ISSR molecular markers and diverse bioinformatics
approaches were used to demonstrate that H. aphyllum is a genetically diverse
species within a population and among populations, allowing the plant to
adapt to changes in its environmental conditions. Thus, diversity is crucial to
a species’ survival (Caliskan 2012, Sheidai et al. 2013, 2014).

Because H. aphyllum is a species that forms several geographic popula-
tions, this is especially important. In a plant population, genetic diversity is
defined as the existence of different alleles of a gene. These alleles are often
present with different frequencies in different communities and, as a result,
genetic diversity in a plant species can be observed both within a popula-
tion and between several populations of that species. Evaluating the genetic
diversity and kinship of different plant populations is one of the first steps
that must be taken in correctly implementing breeding programs. Sufficient
information on the genetic diversity of plant populations is also essential for a
successful breeding program, and molecular markers are one of the best avail-
able tools to achieve these goals. In the observation section, variation among
H. aphyllum populations was observed. Overall, the results confirmed that the
molecular data used have a differential value. Genetic diversity is essential in
the continuation of plant species because it is used to create obligatory adap-
tations to deal with environmental changes. Populations with high genetic di-
versity have a higher chance of survival compared to populations with lower
genetic diversity (Sheidai et al. 2012, 2013, 2014).

Our study revealed a high level of inter-population genetic diversity
(54%) in H. aphyllum, which is important for understanding the microevolu-
tionary processes of the species. The AMOVA test showed a significant ge-
netic difference among the studied populations (P = 0.001), indicating that the
populations are genetically distinct. Given that H. aphyllum is wind-pollinated
and has a wide distribution and range of traits in a large part of the ancient
world, it is expected to have a high inter-population genetic flow to maintain
its intra-species continuity and species identity.

When the level of gene flow decreases, genetic drift can create a high level
of genetic homogeneity in the population, which can lead to adaptation to the
habitat (Hou and Lou 2011). Many plant species grow in specific habitats and
have developed adaptive strategies appropriate to their habitat (Schneller and
Liebst 2007). Our results suggest that the dispersion of H. aphyllum populations
may be limited by distance, and gene flow is primarily formed between neigh-
bouring populations. As a result, closer populations tend to be more geneti-
cally similar to each other (Medrano and Herrera 2008, Slatkin 1993).

Acta Bot. Hung. 65, 2023

to you by MTA Koényvtar és Informacids Kozpont olvasdk | Unauthenticated | Downloaded 11/30/23 10:53 AM UTC



GENETIC DIVERSITY AND POPULATION STRUCTURE OF HALOXYLON APHYLLUM 395

Currently, limited scientific information is available on the genetic di-
versity of different populations of H. aphyllum using molecular markers. Sim-
ilarly, the genetics and breeding of species such as H. aphyllum are not well-
studied. In agreement with our results, Shuyskaya et al. (2012) investigated
the genetic differentiation of black saxaul and the effect of soil salinity in the
Kyzylkum desert of Uzbekistan, during which they found that H. aphyllum
populations in this region have low heterozygosity and a moderate level of
genetic diversity. Moreover, soils with medium salinity levels appear to be
optimal for the growth of black saxaul, as subpopulations growing on such
soils are the main source of ecological flexibility for the entire population.

The presence of genetic diversity and heterozygosity among H. aphyllum
populations suggests local adaptation among populations due to the hetero-
geneity of environmental factors, such as soil moisture and nutrients, which
can result in genetic heterogeneity. Pollination barriers can also hinder gene
flow and contribute to genetic differentiation among subpopulations. Howev-
er, due to the small distance between H. aphyllum subpopulations, the lack of
obstacles for pollination, and the dispersal of winged seeds by wind, genetic
differentiation is unlikely due to geographic isolation.

CONCLUSIONS

The present study is a molecular study that examined the ISSR data of
the studied Haloxylon aphyllum populations. Our results showed a high inter-
population genetic variability in H. aphyllum, which is significant for assessing
the species’” genetic diversity. The UPGMA dendrogram based on the mo-
lecular data provided valuable information on the relationships among the
studied populations.

Multilocus molecular markers, including ISSR, SSR, AFLP, RAPD, etc., do
not act as adaptive genes in population genetic studies and are considered neu-
tral molecular markers. However, they are useful in assessing the genetic di-
versity and relationships among populations. Morphological data will also be
needed to understand the relationships among H. aphyllum populations better.
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