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GENETIC DIVERSITY AND POPULATION STRUCTURE
OF TULIPA BUHSEANA USING SIMPLE SEQUENCE REPEAT MARKERS

Understanding the genetic diversity and population structure of Tulipa buhseana Boiss. is essential
for its conservation and management. We investigated 282 individuals from 15 populations of Tulipa
buhseana collected in two regions (Almaty, Zhambyl) using SSR (Simple Sequence Repeat) markers.
The results revealed that eight polymorphic SSR markers identified 31 alleles across the studied popula-
tions. The genetic diversity indices, including Nei’s diversity index (uh) and Shannon Information Index
(I), indicated considerable genetic variation within and among populations, with Population 9 from the
Almaty region exhibiting the highest genetic diversity. Analysis revealed high genetic diversity within
populations (66%) and significant differentiation among populations (34%) based on Analysis of molec-
ular variance (AMOVA). PCoA identified two distinct groups, consistent with the dendrogram analysis,
which grouped populations into two main clusters. Bayesian analysis suggested subtle genetic structur-
ing, supporting findings of low population differentiation by STRUCTURE. These results underscore the
complex genetic dynamics of Tulipa buhseana and emphasize the need for tailored conservation strate-
gies to preserve its genetic diversity.

Key words: Tulipa buhseana, Kazakhstan, genetic diversity, population structure, SSR markers, prin-
cipal coordinate analysis (PCoA), AMOVA, dendrogram.
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Kapanaiibim KaifTaraHaTbIH Ti36eK MapkepAepiH KOAAaHy HerisiHae Tulipa buhseana
NOMNMYASILMAAAPbIHbIH, TeHETUKAADBIK, AAYaHTYPAIAITi MEH KYPbIAbIMbI

Tulipa buhseana Boiss. MONyASLMSCbIHbIH, FTEHETUKAAbIK, aAYaHTYPAIAIri MEH KYPbIAbIMbIH aHbIKTay
OHbIH, NMOMYASIUMSIAQPbIH CaKTay >KOHe YTbIMAbl MalAaAaHy YLWiH eTe MaHbI3Abl. byAa skymbicta SSR
MapKepAepiH (KapanaibiM KaiTaAraHaTbIH Ti30eKTeP) KOAAAHY apKblAbl, €Ki aiMakTaH (AAMaTbl XaHe
KamObIA 00AbICTapbl) KMHaAraH Tulipa buhseana oH 6Gec nonyAsuMsiHbIH 282 YATICi 3epTTEAAI.
HatmxxeciHae ceri3 noammopdTbl SSR Mapkepaepi 3epTTeAreH nonyasumsasapaa 371 aAAeAbai
aHbIKTaAbl. [ €HEeTUKaAbIK aAYaHTYPAIAIK MIHAEKCTEPI, COHbIH, iliHAe HelMAiH reHeTUKaAbIK aAyaHTYPAIAIK
mHaekci (uh) xxeHe LLIeHHOHHbIH aknapaTTbiK MHAEKC (1) nonyAsaumsAap ilWiHAeri >kaHe NnonyAaumusaAap
apacblHAAFbl MaHbI3AbI FEHETUKAABIK, BAPUALMSIHLI KEPCETE OTbIPbIMN, OHbIH, iliIHAE AAMaTbl OBAbICHIHAH
JKMHAAFaH 9 TMOMyAUMSl eH >KOFapbl MEHETMKAAbIK, aAYaHTYPAIAIKTI aHbIKTaabl. MOAEKYASPABIK,
amncnepcns (AMOVA) HerisiHAeri Taapay NONyAdaUMs iliHAETI >KOFapbl FeHEeTUKAABIK, aAYaHTYPAIAIKTI
(66 %) »8He nonyAsLmMsAap apacbliHAaFbl alTapAblkTan aAnddpeperumanmsHbl (34 %) aHbikTaAbl. PCoA
MONyASIUMSAAPAbI €Ki Heri3ri KAacTepre TONTacTblpFaH AEHAPOTrPaMMAaAbIK, TaAAAYFa COMKEC eKi TYPAI
KOoOpAMHaTaAapra 6eAAi. baiiec Taapaybl NONYyASUMSHBIH TOMEH KYPbIAbIMABIK, AMPdepeHUMaLUIChI
TypaAbl KOPbITbIHABIAAPAbI  KOAAQMTBIH  CAAbICTbIDMAAbl TEHETUMKAAbIK, KYPbIAbIMABI  AHbIKTaAbI.
byAa HeTuxeaep Tulipa buhseana KypAeAi reHETMKaAbIK AMHAMMKACbIH XOHE OHbIH TeHETUKAAbIK,
AAYaHTYPAIAITIH cakTayAblH YKeKe CTpaTerMsAapbiH 93ipAey KaXKeTTIAIriH KepceTeAi.

Ty#iin ce3aep: Tulipa buhseana, KasakcTaH, reHETMKAAbIK, aAYaHTYPAIAIK, MOMYASILIMS KYPbIAbIMbI,
SSR-mapkepaep, Heri3ri koopamHaTTapabl Taraay (PCoA), AMOVA, aeHaporpamma.
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lFeHeTueckoe pa3Hoobpasue u cTpykrypa nonyasuum Tulipa buhseana
C UCMOAb30BAaHMEM MAPKEPOB MPOCTbIX MOBTOPSIOLLMXCS MOCAEAOBATEALHOCTH

[MoHMMaHMe reHeTMYecKoro pa3Hoobpasus 1 CTpyKTypbl nonyAsumm Tulipa buhseana Boiss. nme-
€T Ba)kKHOe 3HaYeHMEe AAS ero COXpaHeHUs M PaLMOHAAbHOIO UCMOAb30BaHMS. Mbl nccaepoBanmn 282
ocobu n3 15 nonyasumii Tulipa buhseana B aByx pervioHax (Aamaturckas n XKambbirckas o6AacTm)
C ncnoAb3oBaHuem SSR (MpocTble NOBTOPSIOLLMECS MOCAEAOBATEABHOCTM) MapKepoB. Pe3yAbTaTtbl no-
Ka3aAM, YTO BOCEMb MOAMMOPMHbIX MapkepoB SSR naeHTMdULMpoBaAn 31 aAAeAb B M3YUYeHHbIX NOMy-
AAUMAX. MHAEKCbI reHeTM4Yeckoro pasHoobpasmsi, BKAIOYas MHAEKC padHoobpasus Hes (uh) n nHaekc
nHpopmaumm LLieHHoHa (1), ykazaAn Ha 3HAUMTEAbHYIO FEHETUYECKYIO M3MEHUMBOCTb BHYTPU U MEXKAY
MONYASILMSAMM, MPX STOM MONyASUMs 9 M3 AAMATUHCKOM 0OAACTM MPOAEMOHCTPMPOBAAA CaMOE Bbli-
COKOE reHeTMyeckoe pasHoobOpasue. AHAAM3 BbISIBUA BbICOKOE MeHeTM4eckoe pasHoobpasve BHyTpH
nonyAgumin (66%) n 3HaunTeAbHYIO AnddepeHLMaLmio Mexay nonyAaumamm (34%) Ha ocHoBe aHa-
Am3a MoAekyAasdpHor ancnepcnn (AMOVA). PCoA BbISIBUA ABa Pa3AMUHbIX KAACTepa, YTO COrAacyeTcs
C aHAAM30M AEHAPOrpamMmbl, KOTOPbIM CrpynnMpoBaA MOMYASILMM B ABa OCHOBHbIX KAacTepa. baie-
COBCKMI aHaAM3 BbISIBUA TOHKYIO T€HETUUECKYIO0 CTPYKTYPMPOBAHHOCTb, MOATBEP)KAQIOLLYIO BbIBOAbI
0 Huskon andpepeHumanmm nonyAadumm no STRUCTURE. 2Tn pe3yAbTaTbl MOAYEPKMBAIOT CAOXHYIO
reHetTnyeckyto AmHamuky Tulipa buhseana n Heo6X0AMMOCTb pa3paboTKM MHAMBUAYAAbHbBIX CTPATErunii

COXpaHeHnq ee reHeTn4eCcKkoro pa3Hoo6pa3ml.

KaloueBble caoBa: Tulipa buhseana, KasaxctaH, reHeTtunueckoe pasHoobpasue, MonyAsUMOHHAs
CTPYKTYypa, SSR-Mapkepbl, aHaAM3 raaBHbIx koopamHat (PCoA), AMOVA, aAeHaporpaMmma.

Introduction

The Liliaceae Juss. family, is a perennial bul-
bous plant endemic to the regions of Central Asia,
particularly Kazakhstan [1, 2]. One of the largest
genera of the family is Tulipa L., genus comprises
approximately 150 species distributed primarily
across Europe, North Africa, and Asia, with a nota-
ble diversity center in Central Asia [3-7]. The genus
is taxonomically complex and is typically divided
into four subgenera: Eriostemones Raamsd., Tulipa
L., Clusianae (Baker) Zonn., and Orithyia (D. Don)
Baker [5]. These subgenera are further categorized
into 12 sections based on morphological and genetic
characteristics [5, 8].

In Kazakhstan, the genus Tulipa is represented
by 42 species that exhibit significant ecological and
morphological diversity [2, 9]. Among these, spe-
cies Tulipa buhseana Boiss. from the subgenus Eri-
ostemones [10] is a widely distributed in territory of
Kazakhstan [2].

T. buhseana has a bulbs 1-1.5 cm in diameter
with brown, leathery, thin-haired scales at the top.
Its stem is 15-40 cm tall and typically bare, featur-
ing two widely spaced, narrow linear leaves that do
not reach the flower. It is characterized by its woolly
filaments and relatively small, often brightly col-
ored flowers. It bears 1 to 6-8 flowers, which wilt
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after blooming. The tepals are white with a distinct
yellow spot at the base; the outer tepals are dirty-
purple or pink-brown, slightly longer, and almost
twice as long as the inner ones. The filaments are
thin and yellow, with a thick, hairy ring at the base
and sparser hairs along the thread, while the anthers
are short, measuring 4-6 mm. The fruit is an oblong,
sometimes nearly spherical capsule, up to 2 cm long
and about 1 cm wide. It blooms from late March to
April and bears fruit from late May to June [2].

The species is distributed in Kazakhstan’s desert
zone and the foothills of the Tien Shan, extending
from the Aral Sea region to the Balkhash-Alakul de-
pression and the Zhetysu Alatau. Outside Kazakh-
stan, it is found in neighboring regions of Turkmeni-
stan and Uzbekistan, as well as in Northwest China
and Iran [2, 10]. Renowned for its striking floral
morphology and ecological significance, 7. buhse-
ana contributes not only to the biodiversity of the
region but also holds potential ornamental and hor-
ticultural value. Despite its importance, limited ge-
netic information is available on this species, which
poses challenges for its conservation and breeding
programs.

Molecular markers have become indispens-
able tools in plant genetics and breeding, offering
insights into genetic diversity, population structure,
and phylogenetic relationships [11]. Simple Se-



M.M. Yermagambetova et al.

quence Repeats (SSRs), also known as microsatel-
lites, are particularly valued for their high polymor-
phism, co-dominant inheritance, and reproducibility
among the various types of molecular markers. SSR
markers have been successfully used in many wild
and cultivated plant species to analyses genetic di-
versity, phylogenetic relationships and molecular
breeding [12].

The use of molecular markers in the study of
tulips has advanced our understanding of genetic
relationships, evolutionary history, and species
differentiation within the genus [13-15]. Research
utilizing SSR markers has been instrumental in un-
covering genetic diversity in wild and cultivated
tulip species, assisting in developing of conserva-
tion strategies and breeding programs. Studies on
species such as 7. gesneriana L. and T. sylvestris
M.Bieb. have highlighted the genetic richness and
complexity within the genus, aiding in the identifi-
cation of distinct genetic lineages and hybridization
events [5, 16].

In Kazakhstan, however, the application of mo-
lecular markers in tulip research remains limited.
While some studies [17, 18] have begun to explore

the genetic diversity of certain tulip species in the
region, comprehensive genetic analyses particularly
using SSR markers, are still scarce. This gap in re-
search poses a significant challenge to the conserva-
tion and sustainable use of Kazakhstan’s tulip spe-
cies, including T. buhseana.

This study aims to analyze the genetic diversity
and population structure of 7. buhseana populations
in Kazakhstan using SSR markers. By generating a
comprehensive genetic profile, this research seeks to
enhance our understanding of the genetic resources
of T. buhseana, informing both conservation efforts
and potential breeding initiatives. The findings will
contribute to the broader knowledge of tulip genet-
ics and support efforts to preserve this valuable ge-
netic resource.

Materials and methods

Sample collection

A total of 282 individual plants of Tulipa buhse-
ana were collected from 15 populations across Al-
maty and Zhambyl regions in Kazakhstan (Figure 1;
Table 1).

Zhambyl Region

Pop 8

] Pop4e
Taraz

A Kyrgyzstan [ JEE,

120 240 360 480 km

Figure 1 — Locations of the collected Tulipa buhseana populations in Almaty and Zhambyl regions
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The sample size for each population ranged
from 12 to 21 individuals (Table 1), ensuring ad-
equate representation of genetic diversity within

and among populations. Fresh leaves were collected
from each plant, stored in silica gel, and transported
to the laboratory for further analysis.

Table 1 — Collected information on Tulipa buhseana populations in Kazakhstan

Population number Csia)llilzocltsesd Location
Population 1 21 Almaty region, left bank of Kapchagay sea
Population 2 21 }A{il\r:j;y region, right bank of Kurty River (Kurty River is the left tributary of the Ili
Population 3 18 Almaty region, right bank of the Ili River
Population 4 12 il;j:rﬂ;};lsfz)gion, Kordai district, near the Tarylgan river (Tarylgan — river of the Shu
Population 5 21 Almaty region, northeast of Konaev city
Population 6 19 Almaty region, 5-6 km along the Ili River
Population 7 20 Zhambyl region, Kordai district, at the turn to the village of Sogandy
Population 8 20 Zhambyl region, Kordai district, right bank of the Tarylgan River
Population 9 20 Almaty region, near the Kurtinsky reservoir
Population 10 21 Almaty region, left bank of Kurty River
Population 11 20 Zhambyl region, near the village of Degeres
Population 12 21 Almaty region, Chu-Ili mountains, Tambaly tas
Population 13 21 Zhambyl region, near the village of Matybulak, Kyzylkainar
Population 14 15 Almaty region, Balkhash district
Population 15 12 Almaty region, Balkhash district, Malaysary

DNA Extraction

Genomic DNA was extracted from the dried leaf
samples using the CTAB (cetyltrimethylammonium
bromide) method with minor modifications to opti-
mize yield and purity [19]. Approximately 25 mg
of leaf tissue was ground to a fine powder using lig-
uid nitrogen. The powder was then mixed with 700
pL of CTAB extraction buftfer (2% CTAB, 100 mM
Tris-HCI pH 8.0, 20 mM EDTA, 1.4 M NaCl, 1%
polyvinylpyrrolidone) and incubated at 65°C for 30
minutes. Following incubation, an equal volume of
chloroform alcohol (24:1) was added, and the mix-
ture was centrifuged at 12,000 rpm for 10 minutes.
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The supernatant was transferred to a new tube, and
DNA was precipitated with isopropanol. The DNA
pellet was washed with 70% ethanol, air-dried, and
resuspended in 100 pL of TE buffer (10 mM Tris-
HCI, 1 mM EDTA, pH 8.0).

PCR Amplification and Visualization

Fifteen SSR markers specific to Tulipa species
were selected [20] for this study based on their high
polymorphism and reproducibility (Table 2). The
PCR reactions were carried out in a total volume of
20 pL, containing 10 ng of genomic DNA, 10 pL of
2X PCR Master Mix (Thermo Scientific, USA), 0.5
UM of each primer, and nuclease-free water.
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Table 2 — Characteristics of simple sequence repeat (SSR) primers [20] used in genetic diversity analysis of Tulipa buhseana

populations

Ne Primer Sequence (5°-3°) ]i‘:;l; ¢ (cbf;;l Motif Ann(eoz:lji)ng T
L | RTCTCCTTTCCATGITICCTC SR Becalt I
[ ] e | W | oo |
3 | G RACATGOATTCCAAACAAGAG M| (Ao N
s | G RACCGAACTCCICGCATATAAC 8 | amop ¥
s | e RCACTOTCGTCATCITCTCCA e | cam ¥
oo | e | e | e |
A e e
- RAGTCATTCOATCCTCGAGTC. i I *
I R e B
10 | CTTIACATGUAGATAATGTTAACAA 2 (s N
] e, | e | cowo |
| K RTGGGTTTCACITAAACAGCT 75 | (Gramaan | s
o | ] et | | oo [
o] ] s [ e [ eo |
s [ | ety | v | e [
The PCR cycling conditions were as follows: Data Analysis

an initial denaturation at 95°C for 3 minutes, fol-
lowed by 35 cycles of 95°C for 30 seconds, 54-57C
(depending on the primer) for 30 seconds, and 72°C
for 1 minute, with a final extension at 72°C for 10
minutes. The QIAxcel Connect System for capil-
lary electrophoresis (QIAGEN, Germany) was em-
ployed, utilizing the QIAxcel DNA High-Resolution
Kit and the QX Alignment Marker (15 bp/3 kb) to
separate PCR products. The SSR alleles were scored
based on their size relative to the 100 bp DNA lad-
der (Thermo Scientific, USA).

Genetic diversity parameters, including the
number of alleles per locus (na), number of effec-
tive alleles (ne), Nei’s genetic diversity index (uh)
and the Shannon Information Index (I), and the
polymorphic information content (PIC), genetic dif-
ferentiation (Fst), and gene flow (Nm) were calcu-
lated using GenAIEx 6.5 software [21]. Addition-
ally, variation among populations was studied using
Principal Coordinate Analysis (PCoA), and Analy-
sis of Molecular Variance (AMOVA) was conduct-
ed using GenAlEx 6.5 software [21] to partition ge-
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netic variance within and among populations. The
unrooted dendrogram for fifteen 7. buhseana popu-
lations based on the neighbor-joining (NJ) method
was constructed using PAST software [22]. Popu-
lation structure was assessed using STRUCTURE
2.3.4 software [23], which employs a Bayesian clus-
tering method to infer the number of genetic clusters
(K) within the sample set. The optimal K value was
determined by running the program with K values
ranging from 1 to 15 and using the AK method de-
scribed by Evanno et al. [24].

Results and discussion

Fifteen SSR primer pairs were utilized to assess
genetic diversity within and among fifteen popula-
tions of 7. buhseana collected in Almaty and Zham-
byl regions. Based on the analysis of sample profiles
across all fifteen populations using 15 SSR mark-
ers, eight SSR markers (Ca-2572, Ca-3952, Ca-
5526, Ca-5553, Ca-6950, Ca-7862, Kn-2291, and
Kn-7108) were found to be polymorphic (Table 3),
while rest seven SSR markers were monomorphic.

Thirty-one alleles were identified among the 8
polymorphic microsatellite loci. The number of al-
leles (Na) per locus ranged from 2 (Ca-3952, Ca-
6950) to 8 (Ca-3952), with an average of 3.9. The
effective number of alleles (Ne) varied from 1.4 to
3.4, averaging 2.0 (Table 3). The most polymorphic

loci were Ca-3952, Ca-5553, and Kn-2291, while
Ca-6950 was the least polymorphic marker. Popula-
tions 8 and 15 exhibited the largest number of unique
alleles with low frequencies at locus Ca-3952. The
overall Nei’s genetic diversity index (uh) was 0.460.
The Shannon information index ranged from 0.387
to 1.315, with an average of 0.728 (Table 3). The
mean polymorphism information content (PIC) in-
dex for the SSR markers was 0.592, ranging from
0.449 (Ca-6950) to 0.822 (Ca-3952). The range of
PIC values, from 0.449 to 0.822, illustrates the vari-
ability in informativeness among the SSR markers.
An SSR marker is considered informative when its
PIC value is 0.5 or higher [25]. The marker Ca-3952,
with a PIC value of 0.822, is particularly noteworthy
as it indicates a high degree of allele diversity and
utility in distinguishing genetic differences within
the population. Conversely, Ca-6950, with a PIC
value of 0.449, is less polymorphic but still useful
for certain applications. The average fixation index
(Fst) was 0.287. Gene flow (Nm) ranged from 0.333
to 1.090, with an average of 0.690 (Table 3). In our
study, the Nei’s and Shannon’s genetic diversity in-
dices are higher than the results obtained for Tulipa
accessions using the CDDP method as reported by
Haerinasab et al. [26], which showed these indices
of 0.23 and 0.38, respectively. This demonstrates
that SSR markers are highly informative compared
to other types of molecular markers.

Table 3 — Assessment of the genetic diversity of simple sequence repeat markers in populations of Tulipa buhseana

Ne Primers Na Ne uh PIC F, N,
1 Ca-2572 4 2.0 0.772 0.515 0.518 0.221 0.881
2 Ca-3952 8 3.4 1.315 0.708 0.822 0.187 1.090
3 Ca-5526 2 1.6 0.533 0.376 0.450 0.209 0.945
4 Ca-5553 4 1.9 0.688 0.419 0.650 0.390 0.391
5 Ca-6950 2 1.4 0.387 0.272 0.449 0.428 0.333
6 Ca-7862 4 1.8 0.687 0.432 0.580 0.297 0.592
7 Kn-2291 4 1.9 0.703 0.471 0.645 0.310 0.557
8 Kn-7108 3 1.9 0.742 0.487 0.619 0.256 0.726
Mean 3.9 2.0 0.728 0.460 0.592 0.287 0.690
SE 0.104 0.071 0.033 0.018 0.123 0.031 0.095
Notes: Na — number of alleles per locus; Ne — effective number of alleles; I — Shannon’s Information Index; uh — Nei’s genetic
diversity index; PIC — polymorphism information content; F_— fixation index; N, — gene flow value; SE — Standard error
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The analysis of 15 populations of 7. buhseana
revealed a range in the number of alleles (Na) from
2.1 in Populations 7 and 15 to 3.5 in Population 9,
with an overall average of 2.7. The number of effec-
tive alleles ranged from 1.7 to 2.4, with an average
of 2.0. These results indicate a higher genetic diver-
sity within the populations of 7. buhseana studied
in our research compared to previous findings by
Pourkhaloee et al. [20] reported an average number
of alleles of 1.8 and an average number of effec-
tive alleles of 1.3 in their study of Tulipa accessions.
The Shannon diversity index (I) ranged from 0.519
(in Population 15) to 0.994 (in Population 9), with a

mean of 0.728. The percentage of polymorphic loci
(PPL) spanned from 75% to 100%, with an aver-
age of 95%. The genetic diversity (Nei) across T.
buhseana populations averaged 0.460, ranging from
0.348 (in Population 15) to 0.600 (in Population 9).
The evaluation of all indices indicates that the high-
est values were observed for population 9 from the
Almaty region (Table 4). Population 9’s elevated
genetic diversity suggests that the Almaty region
may serve as a genetic hotspot for 7. buhseana. This
region’s unique environmental conditions and eco-
logical factors might contribute to the high genetic
variation observed.

Table 4 — Genetic diversity indices of studied Tulipa buhseana populations

Populations Na Ne I uh PPL, %
Population 1 3.0 2.1 0.782 0.476 100
Population 2 3.0 22 0.812 0.506 100
Population 3 2.6 2.0 0.699 0.431 87.5
Population 4 2.6 2.0 0.741 0.498 100
Population 5 2.6 1.9 0.696 0.454 100
Population 6 2.6 1.9 0.706 0.449 100
Population 7 2.1 1.7 0.565 0.388 87.5
Population 8 3.1 1.8 0.705 0411 100
Population 9 35 2.4 0.994 0.600 100
Population 10 29 22 0.846 0.540 100
Population 11 2.5 1.9 0.664 0.419 87.5
Population 12 3.0 2.1 0.761 0.461 100
Population 13 2.8 2.1 0.746 0.465 87.5
Population 14 2.5 1.9 0.687 0.451 100
Population 15 2.1 1.7 0.519 0.348 75
Mean 2.7 2.0 0.728 0.460 95
SE 0.10 0.07 0.033 0.018 2.04
Notes: Na — number of alleles per locus; Ne — effective number of alleles; I — Shannon’s Information Index; uh — Nei’s genetic
diversity index; PPL — the percentage of polymorphic loci; SE — Standard error

The AMOVA results revealed that most of
the genetic diversity (66%) in T. buhseana was
found within individual populations, while a sig-
nificant portion (34%) was attributed to differenc-
es among populations (Table 5). This indicates
substantial genetic variability both within and
between populations. The gene flow (Nm) value
of 0.754 suggests a moderate level of genetic ex-

change among the populations (Table 5). This
moderate gene flow may be sufficient to prevent
complete genetic isolation but is not high enough
to homogenize the populations entirely [27, 28].
Consequently, while some degree of genetic ex-
change occurs, it is not enough to override the dif-
ferentiation caused by factors such as geographic
barriers, ecological variations, or limited seed and
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pollen dispersal [29]. These findings underscore
the importance of considering both within-pop-
ulation and among-population genetic diversity
in conservation and management strategies for
T. buhseana.

The PCoA plot separated the 7. buhseana popu-
lations using two distinct principal coordinates: Co-
ordinate 1 and Coordinate 2, which accounted for
66.5% and 17.2% of the total variation among popu-
lations, respectively (Figure 2).

Table 5 — AMOVA analysis of the 15 studied populations of Tulipa buhseana, using eight simple sequence repeat markers

Source df SS MS Est. Var. % Fst Nm
Among Populations 14 821.944 58.710 2.839 34
Within Populations 267 1452.676 5.441 5.441 66
Total 281 2274.621 8.280 100 0.249 0.754
Notes: df — degrees of freedom; SS — sum of squares; MS — mean squared; Est.var. — estimates of variance; % — percentage of
variation; FST — fixation index; Nm — gene flow (Nm) value; * p <0.001; Nm = (1 — FST)/4FST.

Principal Coordinates (PCoA)

+Pop 14
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o Pop 2
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+Pop 3 Pop 5 *Pop 7

Coord. 1 (66,5 %)

Figure 2 — Principal coordinates analysis (PCoA) of 15 Tulipa buhseana populations
from Kazakhstan, based on pairwise population PhiPT values

Based on the PCoA plot, it is evident that the
T. buhseana populations exhibit significant genetic
differentiation. Coordinate 1, which explains 66.5%
of the total variation, has successfully separated
populations 7, 8, 11, and 14 from the majority of
other populations (Figure 2). This substantial sepa-
ration along Coordinate 1 suggests that these four
populations possess unique genetic characteristics
that distinguish them from the rest. Coordinate 2,
accounting for 17.2% of the variation, further re-
fines the genetic distinctions among the populations
but with less impact than Coordinate 1. Together,
these two principal coordinates elucidate 83.7% of
the total genetic variation, highlighting the robust
nature of the genetic diversity within 7. buhseana.
This differentiation could be attributed to various
ecological, geographical, or evolutionary factors
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that warrant further investigation to understand the
underlying causes of this genetic structuring.

The SSR analysis for fifteen 7. buhseana pop-
ulations, as evaluated using an unrooted dendro-
gram based on the neighbor-joining (NJ) method,
provides further insights into the genetic relation-
ships among these populations (Figure 3). The
dendrogram distinctly separated the populations
into two groups: Group I and Group 1I (Figure 3).
Group I formed the first clade and included popu-
lations 7, 8, 11, and 14, while Group II consisted
of the remaining populations clustered into a sec-
ond clade. Although populations 4, 7, and 8 of T.
buhseana are distributed almost on one lace geo-
graphically, genetic analysis reveals a significant
difference between population 4 and the closely re-
lated populations 7 and 8. Interestingly, population
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14, which is distributed far from populations 7 and
8, shows genetic similarity to them. This genetic
divergence in population 4 and the unexpected ge-
netic similarity between the distant population 14
and populations 7 and 8 could be attributed to vary-
ing environmental factors such as climate condi-
tions or soil composition. Different microclimates
might result in distinct selective pressures, leading
to genetic differentiation. Additionally, variations
in soil properties, such as pH, nutrient availability,
and moisture content, could influence the genetic
makeup of these populations by affecting their
growth and reproductive success [30, 31]. Gene
flow and historical seed dispersal patterns might
also play a role in these genetic similarities and
differences [12, 32]. These clustering results align
with the findings from the PCoA plot, reinforcing
the genetic distinctiveness of populations 7, 8, 11,
and 14 from the others (Figure 2).

This consistency between the dendrogram and
the PCoA plot supports the robustness of the ge-
netic differentiation observed. The clear separation
into two groups indicates that there are significant
genetic differences within 7. buhseana populations,

potentially driven by geographical, ecological, or
evolutionary factors. Understanding these genetic
relationships is crucial for conservation efforts, as it
highlights the need to preserve the genetic integrity
of both distinct groups to maintain the species’ over-
all genetic diversity.

The Bayesian analysis of 282 individuals of
T. buhseana revealed that the log-likelihood value
(LnP(K)) continued to decrease with the decrease
in K-value, without showing a significant inflection
point (Figure 4A, B). This suggests that the data did
not distinctly support a specific n umber of genetic
clusters as K decreased, implying potential genetic
admixture or interconnectedness among individuals
[33]. The delta K plot indicated a peak at K = 2, sug-
gesting that the optimal number of genetic groups
within 7. buhseana is two. The genetic structure
analysis depicted in Figure 1C illustrates the clus-
tering of 282 T. buhseana individuals. However, the
results of STRUCTURE analysis indicated a low
level of population structure among the 15 studied
populations (Figure 4C), implying that the genetic
variation observed predominantly reflects a single
cluster encompassing all analyzed accessions.

ﬂﬁPop 7
99 “Pop 8

100

100

Pop 11

—Pop 14

0.05
—

Figure 3 — The neighbor-joining dendrogram of 15 Tulipa buhseana populations

was constructed based on Nei’s distance, calculated from 15 simple sequence repeat markers
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Figure 4 — Genetic structure of 282 individuals from 15 Tulipa buhseana populations

The analysis of the STRUCTURE output indi-
cates that the clustering of the 15 studied popula-
tions collected from different regions is not well-
defined. This finding is consistent with the AMOVA
results, which also showed how genetic variation is
divided within and between populations (Table 5).

Conclusion

This study employed fifteen SSR primer pairs
to evaluate the genetic diversity within and among
fifteen populations of 7. buhseana from the Al-
maty and Zhambyl regions. The analysis revealed
that eight SSR markers were polymorphic, identi-
fying of thirty-one alleles across these loci. Nota-
bly, the SSR marker Ca-3952 exhibited the highest
polymorphism, highlighting its significant allele
diversity. Genetic diversity indices, such as Nei’s
genetic diversity index (uh) and Shannon’s informa-
tion index, averaged 0.460 and 0.728, respectively.
The mean polymorphism information content (PIC)
was 0.592, indicating the SSR markers’ high infor-
mativeness. Population 9 from the Almaty region
exhibited the highest genetic diversity, suggesting
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that this region may be a genetic hotspot for 7. buh-
seana. The AMOVA results indicated substantial
genetic variability within populations (66%) and
among populations (34%), with a moderate gene
flow (Nm) of 0.754. Bayesian and STRUCTURE
analyses supported the existence of two main genet-
ic clusters within 7. buhseana, although the overall
population structure was low. These findings under-
score the importance of preserving genetic diversity
within 7. buhseana populations, particularly in the
Almaty region, to ensure the species’ long-term sur-
vival and adaptability.
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