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The central Asian narrow endemic species Oxytropis almaatensis is a highly endangered plant
with a very restricted distribution in the Tian Shan Mountains. In this study, we present the
basic conservation genetic characteristics of this species based on a DNA fingerprinting
approach in order to provide yardsticks for official conservation agencies to develop an
informed conservation strategy. The three currently known populations with two allopatric
subpopulations at each site were sampled in the Trans-Ili Alatau Mountains (S Kazakhstan)
and subject to AFLP analysis using four primer combinations. This was supplemented by
flow cytometry of plants with remarkably different body sizes to check for possible ploidy
differences. The presence or absence of AFLP bands was used in downstream analyses uti-
lising various population genetic approaches. Genetic diversity of O. almaatensis was found
to be on the upper end of the spectrum typical for other outcrossing species of similar
life-history characteristics. Most of the genetic variation was attributable to within (sub)
population variance, and we also found a remarkable gene flow between the populations.
However, the geographically closer populations were found to be more close to each other
genetically, and population differentiation showed the same pattern with a significant isola-
tion by distance. Similar patterns were not found for subpopulations of the geographically
more close populations, and the subpopulations living along the same river valley were
found to be genetically more cohesive. Flow cytometry did not reveal any difference in
DNA content between the small and large forms of the species. All these results suggest the
presence of two separate populations at the three localities of this species. Conservation ef-
forts should focus on these two populations, and, given the relatively high genetic diversity
within each population, both ex situ and in situ conservation measures can be effectively
carried out based on the currently known populations of this narrow endemic species.
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INTRODUCTION

Central Asian mountain ranges associated with the Qinghai-Tibet Pla-
teau (QTP), including the Pamirs and the Tian Shan Mountains (Favre et al.
2015), played a major role in the formation and evolution of the xeric Eurasian
temperate flora (Manafzadeh et al. 2017). Although most research focus on the
southern QTP (Qiu et al. 2011, Wen et al. 2014), the Tian Shan Mountains also
emerge as a biodiversity hotspot on a global level (Kier et al. 2005), and could
also significantly contribute to the formation of our modern flora (Favre et
al. 2015). Indeed, this mountain range might have played an important role
in the evolution of drought-tolerant taxa (Shahi Shavvon et al. 2017), such as
Oxytropis DC. (Candolle 1802).

This genus with ca 450 species worldwide has the largest number of
species in central Asia (Malyshev 2008), where 154 species are restricted to
the region thus representing exceptionally high levels of endemicity (44%)
(Grubov 2003). Such an endemic species in the genus is Oxytropis almaatensis
Bajt. (Baitenov 1961), which has a very limited distribution in the Trans-Ili
Alatau range (Fig. 1) of the Tian Shan Mts (Zakirova et al. 2014); currently, it
is only reported from the Great Almaty Gorge, Small Almaty Gorge (Abidku-
lova et al. 2016) and had been known from the Syugaty and Toraigyr moun-
tains (Baitenov 1961). Given this very restricted distribution and the threat
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Fig. 1. Location of the currently known and studied populations of Oxytropis almaatensis in
the Tian Shan Mts in S Kazakhstan as displayed on an elevation map with contour lines.
The insert shows the location of the sampled population in a larger geographic context
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posed by grazing in their habitats (Zakirova et al. 2014), it is included in the
Red Book of Kazakhstan, and on the list of rare and endangered species (act
nr. 1034 31/10/2006; http://ru.government.kz/docs/p061034~2.htm). This high
conservational importance has already prompted studies that explored the
demographic structure of O. almaatensis populations (Abidkulova et al. 2016)
and the anatomical features of this rare species (Almerekova et al. 2016). In
their 2015-2016 field survey of demographic structure of six subpopulations
in different habitats (‘coenopopulations’), Abidkulova et al. (2016) have found
a worryingly low number of young plants, and only two subpopulations dis-
played a bimodal spectrum of age groups with both young vegetative and
adult, generative plants. However, the population genetic structure and po-
tential genetic link between the populations have not been studied yet.
Conservation genetics can provide us with the necessary information on
the population genetic background of Oxytropis almaatensis to maximise the
retention of genetic diversity and minimise the risk of inbreeding, one of the
main goals of this research area (Frankham ef al. 2004), thus enabling us to
make informed decisions on practical conservation of this endangered spe-
cies (Avise 2008). Molecular genetic methods, which provide enough resolu-
tion at the population level, can be used effectively to study the population
genetic background of plant populations (Nybom 2004). An appropriate such
technique is Amplified Fragment Length Polymorphism (AFLP) analysis, one
of the most widely used DNA fingerprinting techniques in plants that does
not require a priori sequence information (Bensch and Akesson 2005, Mueller
and Wolfenbarger 1999, Weising et al. 2005). This approach has already been
successfully utilised to solve conservation genetic questions at the population
level (e.g. da Silva et al. 2016, Gaudeul et al. 2000, Prohens et al. 2007, Szczepani-
ak and Cieslak 2006) even within the genus Oxytropis (Schonswetter et al. 2004).
In the current study, we employ the AFLP technique to (i) explore the ge-
netic diversity of Oxytropis almaatensis and (ii) to seek genetic variation between
the populations in a spatial context at the sites currently known in the Trans-Ili
Alatau range of the Tian Shan Mts. We were also interested to see (iii) if there is
any sign of barrier to gene-flow between the subpopulations of this rare species
at each location. In addition, we also check DN A content of individuals with con-
trasting organ sizes to (iv) trace for a sign of polyploidisation within the species.

MATERIAL AND METHODS
The study species

Oxytropis almaatensis is a predominantly outcrossing perennial species
(Zakirova et al. 2014) with a relatively long lifespan (Abidkulova et al. 2016),
and a habitat preference for rocky outcrops at montane elevations around
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2,500 m a.s.l. (Zakirova et al. 2014). Although extensive studies aimed at the
reconstruction of phylogenetic relationships of the genus (Archambault and
Stromvik 2012, Artyukova and Kozyrenko 2012, Kholina et al. 2016, Shahi
Shavvon et al. 2017), it is not surprising that this species was not included in
any of them. As we can deduct from its overall morphology, O. almaatensis
is apparently similar to O. glabra (Lam.) DC., a highly polymorphic species
with a large distribution in the mountains associated with the QTP but with a
distinct ecological preference for wet habitats (Grubov 2003). According to our
recent results (Almerekova et al. 2017) this morphological similarity does not
reflect evolutionary relatedness. Another peculiar characteristics of the species
is the presence of individuals in the populations with organs twice as large as
the others. This can be an indication of (auto)polyploidy (Lavania 2013), and
there are reported cases in Oxytropis with different ploidy levels (Artyukova
and Kozyrenko 2012, Artyukova et al. 2011, Kholina et al. 2009, 2013).

Plant materials and DNA extraction

Three populations of Oxytropis almaatensis were sampled south to Almaty
(SE Kazakhstan) up in the Trans-Ili Alatau range of the Tian Shan Mountains
in 2016 (Table 1). Because all of these populations occupy areas of slightly
contrasting habitat characteristics (rocky outcrop on cliffs with an open veg-
etation vs. sedimental parts below the cliffs with a more closed vegetation), a
subsampling was designed to represent each habitat type (aka ‘coenopopula-
tion’) in the analyses. The three populations were represented in this study by
13, 16, 13 individuals, respectively, with the subpopulations evenly divided
within the populations (Table 1). All samples (2-4 cm? of the leaf) were put
into air-tight sachets filled with silica gel at the sampling site. Total genomic
DNA was extracted using a modified CTAB protocol (Doyle and Doyle 1987)
as detailed in Sramkd et al. (2014). Quality and concentration of the extracted
DNA was estimated using a NanoDrop ND-1000 instrument (Thermo Scien-
tific, USA) and stored at 4 °C until use.

DNA measurement using flow cytometry (FCM)

The plant material for FCM analysis was collected in 2016 from the second
population; at each site, two plants, one with relatively small organs (‘small’)
and one with relatively large organs (‘large’) were brought to the lab alive to
Debrecen (Hungary). DNA ploidy level was estimated from fresh leaf tissues
using a Becton Dickinson FACScan flow cytometer (with Ar laser lamp: 488
nm). Leaf tissues of the analysed samples and the internal standards Capsicum
annuum L. 2C = 6.32 pg (Moscone et al. 2003) and Bellis perennis L. 2C =2.30 pg
(Olszewska and Osiecka 1983) were chopped using a razor blade in a plastic
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Table 1
Sampled populations of Oxytropis almaatensis plants and basic statistics of Nei’s genetic
diversity (expressed as expected heterozygosity) values assessed from 403 AFLP loci us-
ing Lynch and Milligan method as implemented in AFLP-SURV

Population Gel\cl)coordmatesE [ Size E;iiflggib(’fg‘fz )_ dzgsi tgyegi) SE (H,)
Popl.1 43.08083 76.99314 6 256 0.2545 0.00941
Popl.2 43.08076 76.99242 7 259 0.24032 0.00931
Pop2.1 43.14124 77.06976 8 283 0.24399 0.00905
Pop2.2 43.13993 77.07226 8 265 0.237 0.00929
Pop3.1 43.07906 76.98105 7 277 0.24957 0.00893
Pop3.2 43.07846 76.9823 6 258 0.2526 0.00939
Total 42 0.2463 0.00286

Petri dish containing 1 ml of ice-cold Galbraight’s buffer (Dolezel et al. 2007).
The suspension was filtered through 40 um nylon mesh to remove tissue debris
and incubated for at least 10 min on ice. Isolated nuclei in filtered suspension
were stained with propidium-iodide in 1 ml of buffer. The relative fluorescence
intensity was recorded for 10,000 particles ten times for every species. Sample/
standard ratios were calculated from the means of fluorescence values visual-
ised using the FCS Express 4 software (De Novo Software). Fluorescence in-
tensity values of Oxytropis almaatensis samples were compared with each other
and the amount of nuclear DNA of the unknown sample was calculated with
mean values as follows: sample 2C DNA value (pg) = sample 2C mean peak
position / standard 2C mean peak position * standard 2C DNA value (pg).

AFLP fingerprinting

The AFLP procedure was performed as described in detail in Mosolygo-
L. et al. (2016) using separated restriction and ligation. In short, 250 ng of total
genomic DNA - as quantified by Qubit v.3.0 fluorimeter (Thermo Scientific)
— was digested with EcoRI and Trul restriction enzymes, then EcoRI and Trul
adaptors were ligated onto the fragments. The bands were selected from the
ligate in two rounds of PCR amplification: first, a pre-selective polymerase
chain reaction (PCR) was performed, which was followed by a second, se-
lective amplification. In this latter step, we used fluorescently-labelled EcoRI
selective primers, and normal Trul selective primer. In an initial screening
of selective primers using 13 primer combinations four primer combinations
gave apparently variable, sharp bands: 1.) 6-FAM-EcoRI-AAG+Trul-CAGC; 2.)
6-FAM-EcoRI-AAG+Trul-CTA; 3.) VIC-EcoRI-ACA+Trul-CAC; 4.) PET-EcoRI-
AGC+Trul-CTA, which were chosen for the final analyses.
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The final PCR products were diluted and separated on a 310 Genetic
Analyzer (Applied Biosystems) together with a GeneScan-500 LIZ size stand-
ard (Applied Biosystems). AFLP raw fragment data were collected and sized
using GeneScan v.3.7 software (Applied Biosystems). Only well-scorable and
unambiguous fragments were scored above the fluorescence value of 250 be-
tween the length of 50-500 bp using the peak-calling algorithm of GeneScan.
Twelve samples from a total of 42 were analysed twice to test for reproduc-
ibility of the AFLP analysis. The sized fragments were finally converted into a
binary matrix of presence (1) and absence (0).

Statistical analysis

The AFLP dataset was first imported into AFLP-SURV v.1.0 (Vekemans
2002), which was used to carry out basic genetic diversity analyses at the sub-
population level using the approach of Lynch and Milligan (1994), which uses
Nei’s gene diversity (i.e. expressed as average expected heterozygosity) as a
measure of genetic diversity. Then, pairwise population matrices were cal-
culated for Nei’s genetic distance (Nei’s D) and standard genetic differentia-
tion (Wright's F_,) assuming each subpopulation to be a separate entity. The
latter measure was also calculated globally (i.e. to test genetic differentiation
among the populations) using 9999 permutations to test the significance of the
result. The genetic distance matrix was subject to cluster analysis using chord
distances, whereas the genetic differentiation matrix was subject to Principal
Coordinate Analysis (PCoA) using Chord distance measure, both analyses as
implemented in PAST v.2.17c (Hammer et al. 2001). The N_ index of the gene
flow (based on G) was calculated using PopGene 3.2 (Yeh et al. 1999). Finally,
the genetic matrix was subject to Analysis of Molecular Variance (AMOVA) as
implemented in GenAlEx v.6.5 (Peakall and Smouse 2012), and the relation-
ship between geographic and genetic distances to test for correlation between
these two distances via a Mantel test also as implemented in GenAlEXx.

RESULTS
AFLP fingerprinting and population structure of O. almaatensis

The AFLP profiles of the 42 individuals generated 403 AFLP loci with four
primer combinations of which an average of 266 were polymorphic (66%). The
overall gene diversity, expressed as expected heterozygosity calculated using
the approach of Lynch and Milligan (1994), was found to be 0.2463+0.00286
(H#S.E.) (Table 1). The value of overall genetic differentiation among the
(sub)populations showed the existence of a significant genetic structure (F =
0.123; p <0.001; i.e. the actual populations are more genetically differentiated
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than random assemblages of the individuals). When considering Nei’s genet-
ic distances between the subpopulations (Fig. 2), subpopulations of the geo-
graphically most distant (Fig. 1) Pop2 are separate from the rest of the studied
populations with high statistical certainty. This was also shown by the signifi-
cant relationship between geographic and genetic distances as shown by the
Mantel test (R = 0.661, p = 0.021), whereas this has changed to non-significant
when we confined the analysis only to subpopulations of Popl and Pop3 (R =
0.722, p=0.269). The genetic relationship between the subpopulations of Pop1
and Pop3 remained statistically unresolved, but their close genetic proximity
is evident (Fig. 2). The populations are grouped similarly in the genetic space
based on pairwise genetic differentiation (Fig. 3); here, the subpopulations of
the same population show proximity to each other, and Pop2 shows remarka-
ble differentiation from the rest. Within the group of Pop1 and Pop3 subpopu-
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Fig. 2. Genetic relationship between the sampled (sub)populations displayed as a dendro-

gram based on pairwise values of Nei’s genetic distance calculated by the approach of

Lynch and Milligan (1994). Figures next to the branches are statistical support values re-
sulting from 999 bootstraps
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lation Pop3.1 is somehow distanced from the rest of this group. Estimation of
gene flow (N_) from G, was calculated for all 42 individual plants of the three
populations. Gene flow among the three populations was 5.437 individuals
per generation. The partitioning of genetic variability in an AMOVA (Table
2) showed the overwhelming majority of the variability to be associated with
intra-population variability (94%), with a significant but relatively low level
of genetic differentiation both among six subpopulations (¥, =0.058, p > 0.01)
and three populations (®,, = 0.049, p > 0.001).

DNA content of different morphotypes

The FCM analysis of different morphotypes (i.e. plants with compara-
tively large vs. small organs) showed no difference in their DNA content (Fig.
4). Thus, FCM analysis did not reveal any intraspecific variation or difference
in level of ploidy. The CV of the samples and the standards (Bellis perennis L.
and Capsicum annuum L.) were below 3.00 in every case. The amount of nu-
clear DNA was 3.58 pg compared with internal standard of Capsicum annuum,
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Fig. 3. Genetic differentiation between the studied (sub)populations displayed as a prin-

cipal coordinate analysis (PCoA) plot drawn from pairwise F, values transformed using

chord distance. The variation depicted by the first three axes are shown next to the cor-
responding axis
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Table 2

Partitions of genetic variability in the studied subpopulations and populations of

Oxytropis almaatensis as shown by an AMOVA
Source of variation  df SS MS Est. var. % D,
Among subpops 5 315.295 63.059 2.730 6 0.058 (p>0.01)
Within subpops 36 1586.014  44.056  44.056 94
Total 41  1901.310 46.786 100
Among pops 2 153.449  76.724 2.291 5 0.049 (p>0.001)
Within pops 39 1747861  44.817  44.817 95
Total 41 1901.310 47.108 100

and it was 3.34 pg calculated based on Bellis perennis as an internal standard.

To summarise, nuclear DNA content of
between 3.34 and 3.58 pg.

DISCUSS

Oxytropis almaatensis was evaluated

ION

The level of AFLP polymorphism and genetic variation of O. almaatensis

The narrow endemic Kazakh species Oxytropis almaatensis is currently
only known from three populations in the Trans-Ili Alatau range of the Tian
Shan Mts, where our study was carried out. The application of the AFLP for
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Fig. 4. Histograms of flow cytometric analysis

of nuclei from different morphotypes (‘small’

left, ‘large’ right) of Oxytropis almaatensis

leaves. The x axis shows relative fluorescence,

whereas the y axis stands for number of events
detected

studying the genetic diversity in
O. almaatensis was rather success-
ful as 266 polymorphic loci (66%)
were generated using four primer
combinations. This result is compa-
rable with previously published re-
ports of other, herbaceous species
(Gaudeul et al. 2000, Prohens et al.
2007, Schonswetter et al. 2004) and
confirms robustness of the AFLP
approach in the assessment of in-
traspecies genetic variation. The
AFLP-based genetic diversity of
this species (Table 1) seems to be
satisfyingly high (H,Z = 0.2463; i.e.
there is a chance of ca 25% to ran-
domly choose a heterozygote from
the populations). This value is more-
or-less directly comparable (Nybom
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2004) to similar measures in Far Eastern Oxytropis species, O. chankaensis us-
ing allozymes (Kholina et al. 2009) and RAPDs (Artyukova et al. 2011), who
reported similar values in that similarly narrow endemic Oxytropis species,
which were interpreted as high. More direct comparison can be made with
the data of Chung et al. (2004), who used similar fingerprinting approach as
we did for the study of the supposed endemic variety O. campestris var. charta-
cea (Fasset) Barneby in North America. They found H_ values ranging from
0.145 to 0.189, which were interpreted as high given the uppermost reported
limit of H_ = 0.23 found in Eryngium alpinum (Gaudeul et al. 2000). Thus, O.
almaatensis the Kazakh endemic species displays a high level of genetic diver-
sity — a surprising finding given the narrow endemicity of this species that
deserves further study.

The genetic relationship between the populations (Fig. 2) mirrored their
overall spatial relationship (see Fig. 1); the most remote population (Pop2)
was the farthest from the rest, and within the remaining samples there was
no clear pattern. This suggests a simple isolation-by-distance (IBD) relation-
ship between the populations as demonstrated by the Mantel test. Between
the subpopulations of the two, geographically close populations (Popl and
Pop3) the genetic relationship is not clear, and we could not find a significant
IBD either. This suggests that these populations are connected to each other,
and they are not isolated. Therefore, the three currently known populations of
Oxytropis almaatensis effectively behave as two populations; conservation ef-
forts thus should focus on these two entities: the populations at Great Almaty
Gorge and the population at Shymbulak.

Population structure analysis

According to our AMOVA results (Table 2), most of the variation was
explained by the within population component, thus indicating a weak isola-
tion between the (sub)populations. Population differentiation of six subpopu-
lations based on AMOVA results (Table 2) revealed that over 94% of the to-
tal genetic variation is partitioned within the subpopulations. Similar results
were obtained in the assessment of three populations as only 5% contributed
to interpopulational genetic diversity. This is further corroborated by the low
@, values, which is typical for outbreeding perennials (Nybom 2004). The
level of genetic variation within each population was equally high in different
spatial parts of the populations. Therefore, subpopulation genetic structure
can be ruled out as a causative effect of high intraspecies diversity. The survey
of relevant literature is suggesting that F is ranging from 0.2 in outbreeding
to 0.5 in inbreeding species (Bussell 1999, Gaudeul et al. 2000, Loveless and
Hamrick 1984). Based on this assumption O. almaatensis (Fy, = 0.123) fits well
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to outbreeding species ranges, and the N index of gene flow with 5.4 individ-
uals per generation firmly supports this conclusion. Thus, it is possible that
high intraspecific diversity is a consequence of spatial gene dispersal ensured
by seed or pollen dispersal. The high population genetic diversity might be
a consequence of the long lifespan of the species (Nybom 2004), but can also
be influenced by the habitat heterogeneity (i.e. the presence of ‘coenopopula-
tions’), which is to be studied further in the future.

Population 2 is growing in a different gorge apart from Pop1l and Pop3
in a ca 9 km distance. Therefore, putative explanations for the low interpopu-
lation diversity index can be explained by: i) the existence of intermediate
populations growing between the two gorges, and this can be supported by a
positive relationship between genetic divergence and geographic distance de-
termined by Mantel test; and/or ii) high outbreeding rates within a population
of this perennial species. Although the above explanations are not mutually
exclusive, all previous collecting efforts failed to find intermediate popula-
tions between Pop1&3 and Pop2. Thus, it is possible that even isolated popu-
lations of O. almaatensis may maintain a relatively high level of genetic varia-
tion due to a random mating system and high outbreeding rates.

We paid special attention to subpopulations (‘coenopopulations’) of
this species at the three sampling sites by treating each subpopulation oc-
cupying different habitats (i.e. Popl.1, Pop2.1, Pop3.1 on rocky outcrops of
cliffs; Pop1.2, Pop2.2, Pop3.2 on scree-slope and sediments below the cliffs) as
separate entities during the genetic analyses. If we examine our results in all
three studied populations it becomes evident that the most important isolat-
ing factor between the subpopulations is distance. Pop2, which is ca 10 km
away from Pop1 and Pop3 (Fig. 1), is the most separate one (see Figs 2 and 3).
Within the geographically more proximate Popl and Pop3 (distance between
them is ca 1 km and they lay in the same river valley at different elevations),
subpopulations Pop1.2 and Pop3.2 are somewhat closer to each other (Figs 2
and 3). This suggests a stronger connection between the river valley subpopu-
lations, which might be explained by gene-flow via seed dispersal by the Big
Almaty River, the main watercourse of the valley.

Implication for conservation

Oxytropis almaatensis is a local endemic and rare plant included in the
red book of Kazakhstan (Zakirova et al. 2014). Therefore, the maintenance of
genetic diversity is a very important aspect and can be related to the adoption
of a conservation strategy for this endangered species. This strategy recently
gained growing importance as severe weather phenomena (e.g. hurricane-
force winds) has become increasingly typical in the Tian Shan Mts (Kelgen-
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baev et al. 2016) and together with constant anthropogenic pressure (Kokoreva
et al. 2013) may severely threaten the biodiversity of the Tian Shan Mts. Moun-
tain ecosystems maintaining high levels of plant diversity and endemism are
especially vulnerable to climate change (Munson and Sher 2015, Thuiller et
al. 2005). Also, small sizes of Oxytropis almaatensis populations may reflect an
ability to grow in spatially restricted environments, which can easily lead to a
rapid decline of these isolated populations. On the other hand, such restricted
and small populations may be subject to either in situ or ex situ preservation
as a conservation strategy. Our genetic and cytometric results indicated that
most of the genetic diversity could be preserved ex situ by conservation of
sampled seeds even from a single population. Since we most likely deal with
plants at the same ploidy level, there is no need to handle large individuals as
separate entities. Therefore, in case of the risk of extinction, the species could
be re-established with individuals of population conserved in seed banks
(Nuez et al. 2004, Prohens et al. 2007). Taking into account high gene flow even
between distant populations and low population structure, the maintenance
of the genetic variation within O. almaatensis can be successfully achieved
through in situ conservation if human pressure in the habitats where popula-
tions are growing decrease. Thus, measures for conservation of O. almaatensis
using both in situ and ex situ strategies can be implemented.
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