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Abstract. Walnut is an important horticultural crop, the production of which ranks second among all nut crops. De-
spite the significant demand in the domestic market in Russia, the industrial production of walnut fruits in Russia is
currently underdeveloped. At the same time, there is a need to update the assortment with new highly productive
varieties adapted to local agro-climatic conditions and having high quality nuts that are competitive at the world level.
An important issue for the successful implementation of breeding programs is a comprehensive study of the gene
pool. In this regard, within the framework of the study, the task was to evaluate promising varieties from the collection
of the walnut gene pool of the Nikitsky Botanical Gardens and analyze genetic relationships based on microsatellite
genotyping. On the basis of the performed phenotypic assessment, the study sample, which included 31 varieties, was
divided into several groups according to the main phenotypic traits, such as frost and drought resistance, the start of
the growing season, the ripening period, the weight and type of flowering, the weight of the fruit, and the thickness
of the endocarp. Varieties with economically valuable traits that can be recommended as promising as initial parental
forms in breeding work for resistance to abiotic stress factors have been identified, as well as varieties with increased
productivity and large fruit sizes. Based on the analysis of eight SSR markers (WGA001, WGA376, WGA069, WGA276,
WGA009, WGA202, WGA089 and WGAO054), an analysis of the level of genetic diversity was performed and genetic rela-
tionships were established in the studied sample of varieties. Six (for WGA089) to eleven (for WGA276) alleles per locus
have been identified. A total of 70 alleles were identified for the eight DNA markers used, with an average value of 8.75.
Analysis of SSR genotyping data using Bayesian analysis established the presence of two main groups of genotypes.
Taking into account the fact that all the studied varieties are selections from local seed populations in different regions
of the Crimean Peninsula, the revealed level of polymorphism may indirectly reflect the level of genetic diversity of the
local walnut populations. Furthermore, the presence of two genetically distant groups indicates the presence of two
independently formed pools of the autochthonous gene pool of the species Juglans regia L. on the Crimean Peninsula
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AHHoTayusA. Opex rpeLKnii — BaxHas cafjoBas Ky/bTypa, KOTopas no o6bemy Npou3BOACTBa 3aHMMAET BTOpOe Mec-
TO Cpeayn BCEX OPEeXOnofHbIX. HeCMOTpA Ha 3HaunTenbHY0 NOTPEGHOCTb Ha BHYTPEHHEM PbIHKE, MPOMbILIIEHHOE
NpPOU3BOACTBO MJIOLOB Opexa rpeLkoro B Poccum B HacTosLee BPeMs PasBUTO HeflocTaTouHo. [Mpy 3Tom cylecTByeT
Heo6X0AMMOCTb OGHOBEHNA COPTMMEHTA HOBbIMU BbICOKOMPOAYKTUBHBIMU COPTaMK, aAanTUPOBaHHBIMU K MECTHBIM
arpoKNMMaTUYeCKM yCIIOBUAM 1 0651aZjaloLL MU BbICOKMM KaueCTBOM MNI0A0B, KOHKYPEHTOCMOCOOHbIMM Ha MUPOBOM
ypoBHe. BaxXHbIM BONPOCOM [N YCNeLWHoN peanr3aunn cenekUmMoHHbIX Nporpamm ABSETCA KOMIEKCHOe Usyde-
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Arpob6ronoruyeckas 1 reHeTyeckas oLeHKa
reHodpoHAa opexa rpeykoro HMKUTCKoro 60TaHNMYeCKoro caga

Hrie reHodoHAA. B cBA3M € 3TMM B pamKax ncciefoBaHis Obina NocTaBfeHa 3aiauya OLeHKM Mo KOMIIEKCY MPU3HAKOB
NnepcrnekTBHbIX COPTOB M3 KONNeKUny reHopoHa opexa rpenkoro HUK1TCkoro 60TaHMYeckoro caga v aHanmsa reHe-
TUYeCKNX B3aMMOCBA3EN Ha OCHOBE MUKPOCATENININTHOIO reHOTUNPOoBaHuA. o pesynbTaTtam BbiNOMHEHHOW GeHoTU-
NMYEeCKO OLEHKIN U3yyaemas BblIGOpKa, BKovaowas 31 copT, 6bina pasgeneHa Ha HECKONIbKO Py Mo OCHOBHbIM
XO3ANCTBEHHO-OMONOrMYECKMM XapaKTepUCTKaM, TaKM Kak MOPO30- 1 3aCyXOyCTONUYMBOCTb, CPOK Hayasa BereTa-
LMK, CPOKM CO3PeBaHUA, TUM LBETEHUA, Macca MoAa, TOSLMHA SHAOKapna. BoigeneHbl copTta ¢ XO3ANCTBEHHO Li€HHbI-
MU MPU3HaKamu, KOTOPble MOXXHO PEKOMEHAO0BATb Kak NepcrneKTBHbIE B KaueCTBe NCXOAHbIX POAUTENbCKUX pOpM B
ceneKUMOHHOM paboTe Ha YCTONUMBOCTb K abUOTNYECKM CTpecc-GpaKkTopam, a Tak»Ke CopTa C NOBbILEHHON YPOXalHO-
CTblo 1 06najatoLLre KpynHbIM pa3Mepom niofoB. Ha ocHoBaHMM aHanm3a Bocbmu SSR-mapkepos (WGA001, WGA376,
WGA069, WGA276, WGA009, WGA202, WGA089 1 WGA054) oLieHeH YPOBEHb reHeTUYeCcKoro pasHoobpasna u onpe-
[leneHbl reHeTnYecKme B3anMOCBA3M B M3yUYeHHO BbibopKe copToB. BbiaBneHo Hanuume ot wectn (WGA089) o oanH-
Haguatn (WGA276) annenein Ha nokyc. CyMMapHO No BOCbMU MCMOSb30BaHHbIM [JHK-Mapkepam 6b1510 ngeHtudumumnpo-
BaHO 70 annenen npu cpefHem 3HaveHnn 8.75. AHanu3 gaHHbix SSR-reHoTMNMpoBaHKA B nporpamme Structure 2.3.4
YCTaHOBWI HanMume ABYyX OCHOBHbIX Fpynn reHoTUnoB. C y4eToM TOro, UTo BCE U3yYeHHble copTa NpeAcTaBnAaoT cobon
OTOOPbI U3 MECTHbIX CEMEHHbIX NONYNALUIA B pa3HbIX parioHax KpbIMCKOro nosiyocTpoBa, BbIABIEHHbIM YPOBEHb MO-
numopdriamMa MOXeT ONoCpPejoBaHHO OTPaxaTb YPOBEHb FEHETNYECKOTO pa3HOO6pa3msa MecTHOro reHodoHAa opexa
rpeukoro. MNpv 3Tom Hannume ABYX reHeTnYeCcKn 060CObNEHHbIX rPYMM, BEPOATHO, CBUAETENbCTBYET O CYLLECTBOBaHNM
[BYX He3aBUCMMO CcHOPMUPOBABLLMNXCA MYNIOB aBTOXTOHHOro reHodoHaa suaa Juglans regia L. Ha KpbiIMckom nony-

OCTpoOBE.

KnioueBble cnoBa: opex rpeukuii; SSR-mapkepbl; NepcnekTBHbIe COPTa; KOMNEKLUs; reHeTuyeckoe pasHoobpasue;

(I)eHOTVII'IVIHeCKaFI OueHKa.

Introduction

Walnut is one of the most important nut crops, which is second
only to almonds in terms of production. The world leaders in
the production of walnuts are China, Iran, the USA and Turkey
(Vahdati et al., 2019). Commercial production of walnut
fruits in Russia is currently not developed, however, there are
positive trends in the establishment of industrial orchards. At
the same time, there is a need to update the assortment with
new highly productive varieties adapted to local agro-climatic
conditions and having high quality fruits.

Obviously, a comprehensive study of the walnut gene
pool is an important issue for increasing the efficiency of
using genetic resources in solving breeding problems to
create new generation varieties, as well as for preserving and
replenishing collections. At the same time, the assessment
of the level of genetic diversity, elucidation of the degree of
genetic similarity, as well as DNA certification of collection
samples occupy an important place. One of the most popular
methods for assessing the genetic diversity of the walnut is
the analysis of microsatellite loci of the genome (Vahdati et
al., 2019). SSR markers currently widely used for the analysis
of walnut polymorphism were developed both directly for
this species (Dangl et al., 2005; Topcu et al., 2015; Ikhsana
et al., 2016) and for the species Juglans nigra L. (Woeste et
al., 2002). Subsequently, these markers were effectively used
to study the interspecific diversity of J. regia due to the high
level of cross-reproducibility within the Juglans genus. At the
same time, it is worth highlighting the SSR markers marked as
“WGA”, which are the most commonly used (Bernard et al.,
2018b). With the use of SSR markers for walnut, a significant
amount of research has been carried out aimed at analyzing the
genetic structure of gene pool collections, including varieties,
promising breeding forms, as well as selections from local
populations of interest for breeding.

The most large-scale studies of the genetic diversity of
collections of genetic resources include the work performed
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by a team of authors from the INRA Research Center, in
which, using 13 SSR markers, genotyping of 217 accessions
of walnut and 36 accessions of other species of the genus
Juglans from the INRA collection was carried out. Based
on the SSR genotyping data, the presence of the main two
groups of the greatest genetic similarity was established,
which for the most part corresponded to the ecological and
geographical origin of the varieties. The data obtained made
it possible to form a core collection of fifty samples, reflecting
the genetic polymorphism of the entire sample (Bernard et
al., 2018a). It is noteworthy that a comparative analysis of
the effectiveness of using 13 SSR markers in the above work
(Bernard et al., 2018a) and 364,275 SNP markers — data
obtained using the Axiom™ J. regia 700K SNP genotyping
array SNP chip, showed a close level of information content of
the two approaches used in assessing the genetic structure of
collections (Bernard etal., 2018a, 2020a). A comparable study
of a sample of 189 varieties and breeding forms, representative
of gene collections from 25 regions in 14 countries of the
world, made it possible to establish the presence of two main
groups, including accessions from: (1) Europe and North
Africa and (2) Greece and the Middle East (Ebrahimi et al.,
2016). Along with such large-scale studies, a wide range of
studies was performed using microsatellites on gene pool
collections, as well as local populations in different regions
of the world: Europe (Pollegioni et al., 2011; Ebrahimi et
al., 2017b; Vischi et al., 2017; Cseke et al., 2022), East Asia
(Gunn et al., 2010; Wang et al., 2015; Zhou et al., 2017),
Central and South Asia (Pollegioni et al., 2014; Roor et al.,
2017; Shah et al., 2018; Gaisberger et al., 2020; Magige et al.,
2022), the Middle East region (Ebrahimi et al., 2011; Shamlu
et al., 2018; Orhan et al., 2020; Davoodi et al., 2021; Guney
et al., 2021), North America (Dangl et al., 2005; Aradhya et
al., 2010; Ebrahimi et al., 2017a).

A number of studies are known in which, along with
molecular genetic analysis of polymorphism based on
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SSR markers, a comprehensive assessment of the phenotypic
variability of samples was performed (Ebrahimi et al., 2011),
or an assessment of individual groups of traits, such as fruit
characteristics (Chen et al., 2014). This made it possible both
to compare the efficiency of using different approaches to
determine the groups of the greatest genetic similarity (Pop
etal., 2013), and to identify selectively valuable accessions at
the first stage and subsequently to evaluate the heterogeneity
of the selected groups of accessions based on microsatellite
analysis data (Karimi et al., 2014; Davoodi et al., 2021).
Despite the ongoing breeding work on walnuts in the
south of Russia (Lugovskoi, Murzinova, 2010; Khokhlov,
Baskakova, 2015; Suprun et al., 2016; Lugovskoy, Balapanov,
2018) and the availability of research results on the study
of collections of varieties using molecular genetic methods
(Balapanov et al., 2019), one should still note the limitations
of studies aimed at analyzing the level of genetic diversity
and identifying the genetic structure of the gene pool in the
South of Russia, including the Crimea and the North Caucasus.
The Nikitsky Botanical Gardens (NBG-NSC) is one of the
leading scientific organizations in the Russian Federation that
performs breeding work on walnuts. The collection of genetic
resources of the Nikitsky botanical walnut is represented by
76 accessions. The basis is made up of varieties of selection
NBG-NSC (86 %). Among the introduced genotypes, 10 %
of the total collection falls on varieties from Moldova and
3 9% each on accessions from Ukraine, Europe, the USA, and
Tajikistan (Khokhlov, Baskakova, 2015). It is obvious that
a comprehensive phenotypic assessment, the identification of
groups of the most valuable genotypes, characterized by the
presence of several breeding-valuable traits at the same time,
as well as the analysis of genetic relationships of valuable
varieties and forms, will improve the efficiency of the breeding
use of the gene pool in order to create new adaptive varieties
with increased productivity potential and high fruit quality.
In the presented work, we set the task of assessing
perspective varieties of walnut from the collection of the
gene pool of the NBG-NSC according to economically
valuable traits, identifying groups of varieties with a complex
of important characteristics and analyzing their genetic
relationships using microsatellite DNA markers.

Materials and methods

Phenotypic assessment was carried out in the collection
plantations of the laboratory of steppe horticulture (LSH) of
the NBG-NSC in 2014-2022. 31 samples of walnut selec-
tion from the Nikitsky Botanical Gardens were chosen as the
object of observation (Khokhlov, 2012). The LSH territory is
located 25 km north of Simferopol, in the village of Novy Sad
(45°08'50" N, 33°59'55" E), Republic of Crimea, Russia. In
the system of agro-climatic zoning of the peninsula, it belongs
to the central plain-steppe region, characterized by an arid cli-
mate with a moderately hot growing season and mild, unstable
winters (Antyufeev et al., 2002). Also, in the genotyping work,
the Chandler variety of the USA selection was used. The relief
of the area on which the collection garden is located is flat
and slightly wavy; the soil of the plot is southern carbonate
low-humus heavy loamy chernozem on red-brown Pliocene
clays. The average annual air temperature is +10.5 °C, the
average January does not exceed —1.0 °C, and the average
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July, +21.9 °C. Walnut plants are planted according to the
scheme 12x12 m, peach is used as a compactor. The aisles
are kept under black fallow. The age of the trees is 30 years.

Determination of the degree of frost resistance of varieties
was carried out according to the method developed in the
Nikitsky Gardens (Rihter, Yadrov, 1981) and the method of
Lapin and Ryabova (1982). The assessment of drought re-
sistance of walnut plants was carried out in accordance with
methodological recommendations (Eremeev, Lishchuk, 1974;
Kushnirenko et al., 1975; II’nitskiy, 2005).

A modified CTAB method was used for DNA extraction
(Rogers, Bendich, 1985). Genotyping of walnut varieties
was carried out using 8 SSR markers: WGA001, WGA376,
WGA069, WGA276, WGA009, WGA202, WGAO089,
WGAO054 (Woeste et al., 2002; Dangl et al., 2005). PCR was
carried out under the following conditions: the concentration
of PCR reagents of the mixture: Buffer 1X, dNTP—0.24 mM,
Taq 1U, SSR primers (forward and reverse) — 0.16 uM each,
DNA —40-50 ng. The following PCR parameters were used:
3 min initial denaturation at 94 °C; the next 35 cycles: 20 sec
denaturation at 94 °C, 30 sec primer annealing at 58 °C, 40 sec
elongation at 72 °C; final elongation for 10 min at 72 °C. The
size of the reaction products was analyzed on a Nanofor 05
automatic genetic analyzer.

The data were processed using the GeneMarker V3.0.1
program. The following genetic parameters were calculated in
the Microsoft Exel GenAlEx 6.503 macro: Na —number of al-
leles, Na (average) — average number of alleles, Ne — effective
number of alleles, [ — Shannon diversity index, Ho — observed
heterozygosity, He — expected heterozygosity, F — fixation in-
dex (Peakall, Smouse, 2012). The PCoA plot with the genetic
similarity coefficient Dice was built using the Past 2.17 pro-
gram (Hammer et al., 2001) based on a binary matrix. Cluster
analysis was carried out using the Structure 2.3.4 program.
The optimal value of clusters for analysis was established in
the Structure Harvester online program (Evanno et al., 2005).

Research results

Phenotypic evaluation

Based on the comprehensive phenotypic assessment, the
studied varieties were combined into several groups according
to the main economic and biological characteristics.

By the degree of frost resistance: varieties with high
frost resistance, in which 60—-100 % of generative and
vegetative buds were preserved without damage — ‘Arkad’,
‘Burlyuk’, ‘Orionid’, ‘Skaberi’, ‘Yuzhnoberezhniy’,
‘Pozdnotsvetushchiy’; moderate frost resistance (from 40
to 60 %) — ‘Bospor’, ‘Al’'minskiy’, ‘Konkursniy’, ‘Pamyati
Pasenkova’, ‘Dolinniy’, ‘Zolotopolyanskiy’, ‘Krymskiy
Skoroplodniy’, ‘Zhemchuzhniy’, ‘Sokoliniy’, ‘Novikov’,
‘Bulganak’, ‘Gurzufskiy’, ‘Sladkoyaderniy’, ‘Pioner Kryma’,
‘Bel’bekskiy Ranniy’, ‘Partizanskiy’, ‘Dzerzhinskiy’,
‘Bel’bekskiy’, ‘Komsomolets’, ‘Bomba Chkalovskaya’,
‘Kollektivniy’; low frost resistance (less than 40 %) —
‘Bubenchik’, ‘Kacha’, ‘Malosadoviy’, ‘Podlesniy’.

By the degree of drought resistance: with high
stability — Arkad’, ‘Burlyuk, ‘Orionid’, ‘Bel’bekskiy
Ranniy’, ‘Zhemchuzhniy’; with stability above average —
‘Al’minskiy’, ‘Bospor’, ‘Konkursniy’, ‘Pamyati
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Pasenkova’, ‘Zolotopolyanskiy’, ‘Krymskiy Skoroplodniy’,
‘Pozdnotsvetushchiy’, ‘Sokoliniy’, ‘Yuzhnoberezhniy’,
‘Novikov’, ‘Bulganak’, ‘Gurzufskiy’, ‘Sladkoyaderniy’,
‘Dolinniy’, ‘Pioner Kryma’, ‘Kollektivniy’, ‘Partizanskiy’,
‘Dzerzhinskiy’, ‘Bel’bekskiy’, ‘Komsomolets’, ‘Malosadoviy’,
‘Podlesniy’, ‘Skaberi’, ‘Bomba Chkalovskaya’; with stability
below average — ‘Bubenchik’, ‘Kacha’.

By maturity: early — Arkad’, ‘Bulganak’,
‘Dolinniy’, ‘Komsomolets’, ‘Krymskiy Skoroplodniy’,
‘Zhemchuzhniy’, ‘Orionid’, “Yuzhnoberezhniy’; middle —
‘Al’minskiy’, ‘Novikov’, ‘Gurzufskiy’, ‘Sladkoyaderniy’,
‘Zolotopolyanskiy’, ‘Pamyati Pasenkova’, ‘Burlyuk’,
‘Pozdnotsvetushchiy’, ‘Sokoliniy’, ‘Dzerzhinskiy’, ‘Bospor’,
‘Bubenchik’, ‘Kollektivniy’, ‘Kacha’, ‘Partizanskiy’,
‘Podlesniy’, ‘Pioner Kryma’, ‘Bel’bekskiy Ranniy’, ‘Bomba
Chkalovskaya’, ‘Skaberi’, ‘Kollektivniy’; late — Konkursniy’,
‘Malosadoviy’.

By type of flowering: protogeny (male inflorescences bloom
first) — ‘Al’minskiy’, ‘Novikov’, ‘Bulganak’, ‘Gurzufskiy’,
‘Sladkoyaderniy’, ‘Dolinniy’, ‘Pioner Kryma’, ‘Bel’bekskiy
Ranniy’, ‘Bomba Chkalovskaya’, ‘Skaberi’; protandria
(female flowers bloom first) — ‘Bubenchik’, ‘Kollektivniy’,
‘Kacha’, ‘Partizanskiy’, ‘Konkursniy’, ‘Dzerzhinskiy’,
‘Bel’bekskiy’, ‘Komsomolets’, ‘Malosadoviy’, ‘Podlesniy’;
homogamy (simultaneous flowering of male inflorescences
and female flowers) — ‘Zolotopolyanskiy’, ‘Arkad’,
‘Krymskiy Skoroplodniy’, ‘Zhemchuzhniy’, ‘Pamyati
Pasenkova’, ‘Burlyuk’, ‘Pozdnotsvetushchiy’, ‘Sokoliniy’,
“Yuzhnoberezhniy’, ‘Bospor’, ‘Orionid’.

By fruit weight: large-fruited (more than 12 g, belong
to the variety J. regia L. var. macrocarpa DC. or J. regia
f. maxima) — ‘Bomba Chkalovskaya’, ‘Bulganak’,
‘Dolinniy’, ‘Pioner Kryma’, ‘Bel’bekskiy Ranniy’, ‘Skaberi’,
‘Komsomolets’, ‘Malosadoviy’, ‘Podlesniy’, ‘Arkad’,
‘Krymskiy Skoroplodniy’, ‘Burlyuk’, ‘Pozdnotsvetushchiy’,
‘Sokoliniy’, ‘Bospor’, ‘Orionid’; medium-fruited (from
6 to 12 g) — ‘Al’minskiy’, ‘Zolotopolyanskiy’, ‘Pamyati
Pasenkova’, “Yuzhnoberezhniy’, ‘Kollektivniy’, ‘Kacha’,
‘Novikov’, ‘Partizanskiy’, ‘Konkursniy’, ‘Dzerzhinskiy’,
‘Bel’bekskiy’, ‘Gurzufskiy’, ‘Sladkoyaderniy’,
‘Zhemchuzhniy’; small-fruited (less than 6 g) — ‘Bubenchik’.
In all varieties, with the exception of ‘Bomba Chkalovskaya’,
the shape of the fruit is oval-round or ovoid.

According to the thickness of the endocarp: thin-
shelled (from 1.0 to 1.5 mm, belong to the variety J. regia L.
var. tenera DC.) — ‘Zolotopolyanskiy’, ‘Yuzhnoberezhniy’;
standard shell (from 1.5 to 2 mm, J. regia f. semidura DC.) —
‘Bomba Chkalovskaya’, ‘Bulganak’, ‘Dolinniy’, ‘Pioner
Kryma’, ‘Bel’bekskiy Ranniy’, ‘Skaberi’, ‘Partizanskiy’,
‘Komsomolets’, ‘Malosadoviy’, ‘Podlesniy’, ‘Arkad’,
‘Krymskiy Skoroplodniy’, ‘Burlyuk’, ‘Pozdnotsvetushchiy’,
‘Sokoliniy’, ‘Bospor’, ‘Orionid’, ‘Bubenchik’, ‘Kollektivniy’,
‘Al’minskiy’, ‘Novikov’, ‘Gurzufskiy’, ‘Sladkoyaderniy’,
‘Pamyati Pasenkova’, ‘Zhemchuzhniy’; hard-shelled (more
than 2.0 mm, belong to the variety J. regia L. var. dura DC.) —
‘Kacha’, ‘Partizanskiy’, ‘Konkursniy’, ‘Dzerzhinskiy’.

By the beginning of the growing season: early— ‘Dolinniy’,
‘Komsomolets’, ‘Arkad’, ‘Zhemchuzhniy’, ‘Bel’bekskiy
Ranniy’; medium — ‘Al’minskiy’, ‘Novikov’, ‘Bulganak’,
‘Gurzufskiy’, ‘Sladkoyaderniy’, ‘Pioner Kryma’, ‘Bomba
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Chkalovskaya’, ‘Skaberi’, ‘Bubenchik’, ‘Kollektivniy’,
‘Kacha, ‘Partizanskiy’, ‘Dzerzhinskiy’, ‘Bel’bekskiy’,
‘Malosadoviy’, ‘Podlesniy’, ‘Zolotopolyanskiy’, ‘Pamyati
Pasenkova’, ‘Burlyuk’, ‘Sokoliniy’, ‘Bospor’, ‘Orionid’,
‘Yuzhnoberezhniy’, ‘Krymskiy Skoroplodniy’; late —
‘Pozdnotsvetushchiy’, ‘Konkursniy’.

The results of a long-term study of the walnut gene pool
make it possible to identify varieties with economically valu-
able traits that can be recommended as initial parental forms
in breeding work: for tolerance to abiotic stresses during
winter-spring period — ‘Arkad’, ‘Burlyuk’, ‘Orionid’, ‘Ska-
beri’, “Yuzhnoberezhniy’, ‘Pozdnotsvetushchiy’; for increased
and high drought resistance — ‘Arkad’, ‘Burlyuk’, ‘Orionid’,
‘Bel’bekskiy Ranniy’, ‘Zhemchuzhniy’. For introduction
into production, varieties with complex resistance to adverse
climatic conditions are recommended — ‘Burlyuk’, ‘Bospor’,
‘Arkad’, ‘Al’minskiy’, ‘Pamyati Pasenkova’, ‘Orionid’,
‘Konkursniy’, as well as those characterized by high yield
and large fruits — ‘Bulganak’, ‘Dolinniy’, ‘Pioner Kryma’,
‘Bel’bekskiy Ranniy’, ‘Skaberi’, ‘Partizanskiy’, ‘Komso-
molets’, ‘Malosadoviy’, ‘Podlesniy’, ‘Arkad’, ‘Krymskiy
Skoroplodniy’, ‘Burlyuk’, ‘Pozdnotsvetushchiy’, ‘Sokoliniy’,
‘Bospor’, ‘Orionid’.

Analysis of genetic diversity

In order to establish genetic relationships within the studied
sample of varieties, analyze the level of genetic diversity
and identify the groups of the closest genetic relationship,
an analysis of the polymorphism of microsatellite loci was
performed.

As a result of microsatellite genotyping, DNA profiles
specific for all studied varieties were obtained. Six (WGA089)
to eleven (WGA276) alleles per locus have been identified.
Actotal of 70 alleles were identified for the eight DNA markers
used, with an average value of 8.75. Analysis of the level of
genetic polymorphism included the indicators presented in
Table 1.

The value of the Ne index varied from 2.873 (WGAO089) to
6.450 (WGA276). At the same time, in the group of markers
with the same number of identified alleles (9 alleles per locus):
WGA001, WGA376, WGA009, and WGA202, this indicator
varied from 3.269 (WGA202) to 5.071 (WGA376), which may
be due to variation in allele frequencies. The lowest (1.337)
and highest (2.060) values of the diversity index I were
found in the least polymorphic marker (WGAO089) and the
most polymorphic marker (WGA276), respectively. At the
same time, the highest value of the observed heterozygosity
was found for the WGAOO1 marker, and the expected
heterozygosity, for the most polymorphic WGA276 marker.

Based on the genotyping data of 32 walnut varieties for
eight SSR markers, an analysis was carried out using the
Structure 2.3.4 program. The range of analyzed clusters
was from 2 to 7. Based on the results of the analysis in the
Structure Harvester online program, the optimal cluster value
was calculated equal to 2. The results obtained with a value
of K =2 are shown in Fig. 1.

According to the predominance of the first or second
clusters, the studied Crimean varieties can be conditionally
divided into two groups. The first group (the predominance
of cluster 1): ‘Bulganak’, ‘Arkad’, ‘Dolinniy’, ‘Partizanskiy’,
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Table 1. Level of polymorphism of SSR markers

Locus Na Ne | Ho He
weaoor 9000 agsa oz o710 o4
WGA376 ...................... 9000 ....................... 50711829 ......................... 0677 ......................... 0803 ........................

WGA06910000 ....................... 6160 ......................... 2022 ......................... 0677 ......................... 0838 ........................

WGA27611000 ....................... 6450 ......................... 2060 ......................... 0645 ......................... 0845 ........................

WGAOOQ ...................... 9000 ....................... 42151750 ......................... 0419 ......................... 0763 ........................

WGA202 ...................... 9000 ....................... 32691487 ......................... 0484 ......................... 0694 ........................

WGA089 ...................... 6000 ....................... 28731337 ......................... 0484 ......................... 0652 ........................

WGA054 ..................... 7000 ....................... 41071579 ......................... 0581 .......................... 0757 ........................

Average ...................... 3750 ....................... 46251731 .......................... 0585 ......................... 0768 ........................

Note. Na is the number of identified alleles; Ne is the number of effective alleles; | - diversity index; Ho — observed heterozygosity;
He - expected heterozygosity.

7 29 28 23 1

32 2 131219 17 9 16 22 30 31 8 4 6 25 14 11 26 3 15 21 24 18 10 27 20 5

Fig. 1. Graph constructed in the Structure program based on genotyping data of eight SSR markers of 32 walnut varieties.

Varieties: 1 —'Al'minskiy; 2 - ‘Novikov; 3 -‘Bulganak; 4 - ‘Bubenchik; 5 - ‘Arkad; 6 - ‘Gurzufskiy, 7 - ‘Sladkoyaderniy;, 8 - ‘Zolotopolyanskiy’,
9 — ‘Krymskiy Skoroplodniy; 10 - ‘Dolinniy; 11 - ‘Kollektivniy;, 12 — ‘Zhemchuzhniy; 13 - ‘Konkursniy;, 14 - ‘Kacha; 15 - ‘Partizanskiy;
16 - ‘Pamyati Pasenkova, 17 - ‘Pozdnotsvetushchiy, 18 - ‘Pioner Kryma, 19 - ‘Dzerzhinskiy, 20 - ‘Sokoliniy, 21 - ‘Bel’bekskiy;
22 - 'Bospor;, 23 - 'Komsomolets, 24 - ‘Bel’bekskiy Ranniy; 25 — ‘Bomba Chkalovskaya; 26 - ‘Malosadoviy, 27 - ‘Podlesniy; 28 - ‘Skaberi,

of the walnut gene pool of the Nikitsky Botanical Gardens

29 - "Yuzhnoberezniy;, 30 - ‘Burlyuk; 31 - ‘Orionid; 32 —‘Chandler’.

‘Pioner Kryma’, ‘Sokoliniy’, ‘Bel’bekskiy’, ‘Bel’bekskiy
Ranniy’, ‘Malosadoviy’, ‘Podlesniy’. The second group (the
predominance of cluster 2): ‘Al’minskiy’, ‘“Novikov’, ‘Buben-
chik’, ‘Gurzufskiy’, ‘Sladkoyaderniy’, ‘Zolotopolyanskiy’,
‘Krymskiy Skoroplodniy’, ‘Kollektivniy’, ‘Zhemchuzhniy’,
‘Konkursniy’, ‘Kacha’, ‘Pamyati Pasenkova’, ‘Pozdnotsve-
tushchiy’, ‘Dzerzhinskiy’, ‘Bospor’, ‘Komsomolets’, ‘Bomba
Chkalovskaya’, ‘Skaberi’, ‘Yuzhnoberezniy’, ‘Burlyuk’,
‘Orionid’. Variety ‘Chandler’ was assigned to the second group
of varieties. It should be noted that some varieties of the second
group have a significant contribution from the first cluster
(from 0.185 to 0.481), on the other hand, among the varieties
assigned to the first group, two varieties have a significant
contribution from the second cluster (0.215 and 0.448).

For a detailed analysis of the genetic relationship of the
studied walnut genotypes, an analysis was carried out by the
method of principal coordinates (PCoA) in the PAST 2.17
program (Fig. 2).

The distribution of varieties on the PCoA plot largely
reflects the grouping of varieties obtained in the Structure
program. Varieties of the first group are concentrated at
the bottom of the graph. In turn, the varieties of the second
group are distributed in the middle and upper parts of the
graph. In the arrangement of varieties of the first group,
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subgroups can be distinguished: (1) varieties ‘Bel’bekskiy
Ranniy’, ‘Bel’bekskiy’ and ‘Podlesniy’, (2) ‘Partizanskiy’,
‘Malosadoviy’, ‘Pioner Kryma’, (3) ‘Sokoliniy’, ‘Bulganak’.
Two varieties from the first group were not included in one
of the subgroups: variety ‘Arkad’ occupies an intermediate
position between varieties of the first and second groups,
variety ‘Dolinniy’ is equidistant from other varieties included
in the first group.

Varieties of the second group are distributed on the graph less
orderly and do not form clear structures, however, it is worth
noting that the varieties ‘Kollektivniy’, ‘Zolotopolyanskiy’,
‘Bomba Chkalovskaya’ and ‘Yuzhnoberezniy’ occupy an
intermediate position between the varieties of the first and
second groups. Variety ‘Chandler’ on the graph of principal
coordinates is spatially close to variety ‘Al’minskiy’.

Discussion

The SSR markers used in our work were previously widely
used to solve various problems in walnut genetics and breeding,
including DNA fingerprinting and analysis of the genetic
diversity of cultivar collections, breeding-promising forms,
and interspecific hybrids (Woeste et al., 2002; Pollegioni et al.,
2009; Ebrahimi et al., 2016; Vahdati et al., 2019), study of trait-
related collections (Ebrahimi et al., 2017a), clarification of the
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Coordinate 1

Fig. 2. Estimation of genetic relationship by the method of principal coordinates of walnut varieties according to SSR genotyping data.

issues of gene pool formation within its natural habitats, as
well as distribution pathways in the process of domestication
(Pollegioni et al., 2014, 2015, 2017).

Comparison of the average values of indicators characte-
rizing polymorphism, identified by the results of our work,
and in studies conducted on collections of walnut varieties
from other regions of the world, makes it possible to compare
the heterogeneity of the studied samples of varieties with
that studied in this work. Thus, in a study of a collection of
35 varieties of Chinese breeding using 10 SSR markers, the
average Na and Ne values were 9.4 and 4.67, respectively,
while the values of expected (He) and observed (Ho) hetero-
zygosity were 0.77 and 0.62, respectively (Chen et al., 2014).
In the work of M. Aradhya et al. (Aradhya et al., 2010), when
analyzing the genetic polymorphism of a collection of 236 va-
rieties from different walnut growing regions using 15 mic-
rosatellite markers, the average number of identified alleles
per locus was 11, while the average He and Ho values were
0.699 and 0.536, respectively. It is worth noting that in this
study, markers WGA001, WGA202, WGA009, and WGA069
showed higher polymorphism (12, 19, 11, and 13 alleles per
locus, respectively), while WGAO89 was one of the least
polymorphic (8 alleles) (Aradhya et al., 2010). We obtained
similar results in terms of the level of allelic polymorphism
of markers (see Table 1).

In an analysis of a sample of 189 varieties representing
the gene pool of 14 countries, an average of 11.5 alleles per
locus was identified, while the average values of observed
and expected heterozygosity were 0.62 and 0.73 (Ebrahimi
et al., 2016). In this work, the markers WGAO001, WGA202,
and WGA276, as well as in our study, were included in the
group of more polymorphic ones, and the WGA068 marker
showed a lower level of polymorphism. In the work of Turkish
researchers who performed genotyping of 30 elite breeding
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forms (candidates for varieties) using 21 SSR markers, an
average of 6.15 alleles per locus were identified, while the
observed and expected heterozygosity was 0.64 and 0.62
(Bozhuyuk et al., 2020).

Considering the works aimed at studying the genetic
diversity of natural populations and promising for breeding
forms selected from them, one can also speak of a comparable
level of polymorphism. For example, in a study by F. Shamlu
et al. (2018), when assessing polymorphism and genetic
relationships in a sample of 39 walnut accessions selected in
natural populations in northeastern Iran, the average number of
identified alleles per locus was 7.9, and the number of effective
alleles was 3.91. Expected and observed heterozygosity
values were 0.74 and 0.93, respectively. At the same time,
the diversity index was lower than the indicator we identified,
1.34 (Shamlu et al., 2018).

In studies devoted to the analysis of the structure of natural
populations, elucidation of the ways in which the gene pool
spreads, and the formation of its local pools, the indicators
of the number of alleles varied. In a study of the genetic
diversity of local populations in the Eastern Alps of Italy
(Vischi et al., 2017), the average number of alleles per locus
was 4.7 in a sample of 13 markers (WGA class) and 2.7 in
a sample of seven EST-SSR markers, which is a rather low
figure, especially given the sample size of about 200 samples.
This can be explained by the possible isolation of the studied
population, selected in mountainous areas, as well as in the flat
area limited by them (Vischi et al., 2017). In studies of natural
walnut populations in Southwestern Tibet, when analyzing
a sample of 86 genotypes selected in five geographical
locations, the Na indicator was 9.92, but the Ne value was
3.95, which may be due to an uneven distribution of allele
frequencies (Wang et al., 2015). In a study aimed at studying
the ways of formation and distribution of the walnut gene
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Table 2. Comparison of groups of walnut varieties by genetic characteristics

Group Na Ne |
First 4.125 2.581 1.082
Second 8.375 5.063 1.783

pool from the centers of its origin in Eurasia, as a result of
SSR genotyping of a sample of about 2000 genotypes using
14 SSR markers, an average allele number per locus was found
to be 14.21 (Pollegioni et al., 2017).

In general, considering the work on the study of the genetic
polymorphism of the walnut gene pool, both cultural forms
(varieties, hybrids, selections from local populations) and
local populations, including natural ones in regions related to
the centers of origin of the species J. regia L., we can make
a conclusion about the high level of polymorphism of the
sample of varieties studied by us. Given the fact that all the
varieties studied are selections from local seed populations
in different regions of the Crimean Peninsula, this level of
polymorphism may indirectly reflect the level of genetic
diversity of the local walnut gene pool. This is confirmed to
a certain extent by the results obtained by us in the course
of cluster analysis. Based on the data obtained, it can be
concluded that the autochthonous gene pool of the walnut
probably comes from two hypothetical populations. The
division of the studied sample of varieties into two groups
based on the results of Bayesian analysis is consistent with
the high level of polymorphism, since the presence of two
genetically distinct groups may contribute to a higher level
of genetic heterogeneity, including allelic polymorphism of
DNA markers.

In the work, the groups identified during clustering were
compared according to a number of population genetic
parameters (Table 2).

The value of the average number of alleles per locus in the
second group is two times higher than this indicator in the
first group; such indicators of genetic diversity as the effective
number of alleles and the Shannon diversity index also reflect
a greater allelic polymorphism of microsatellite markers in
the second group of varieties. The observed heterozygosity in
the groups has a similar value of 0.583 and 0.588, in turn, the
expected heterozygosity is higher in the second group. The
fixation index has a low positive value in the second group
of varieties; in the varieties of the first group, the parameter
tends to zero.

At the genetic level, the differences between the groups,
in addition to the specific allelic composition of SSR loci,
characteristic of each sample of varieties, are also expressed
in the degree of allelic diversity. The second group of varieties
significantly exceeds the first group of varieties in terms of
anumber of genetic parameters that reflect the degree of allelic
diversity. It can be assumed that the first group of varieties
is represented by the most isolated part of the autochthonous
gene pool of the Crimean Peninsula. In turn, the genetic
diversity of the second group of varieties was influenced by
the genetic contribution of the introduced gene plasma brought
into the region from outside. An additional confirmation of this
assumption is the assignment of the ‘Chandler’ variety, US
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Ho He F
0.588 0.579 -0.009
0.583 0.786 0.258

selection, to the second group. The value of the fixation index
in the first group of varieties is typical for populations in a state
of panmixia and the absence of genetic barriers that increase
the number of observed homozygotes. The data obtained in
the Structure 2.3.4 program indicate a genetic relationship
between the groups, expressed in the presence of samples with
a comparable contribution of two clusters. Since the studied
varieties are forms selected in the walnut population that exists
within the borders of the Crimean Peninsula, it can be assumed
that the high values of the observed heterozygosity reflect the
significant size of the walnut gene pool, which contributes
to panmixia. In general, the first group of walnut varieties is
characterized by high yields and large fruits (more than 12 g).

Conclusion

Based on a comprehensive phenotypic assessment of samples
from the collection of the walnut gene pool of the Nikitsky
Botanical Gardens, groups of cultivars with a complex of
economically valuable traits were identified. When performing
microsatellite genotyping, a high level of genetic diversity and
the presence of two genetically distinct groups of varieties
were established. One of the groups includes predominantly
large-nut cultivars with increased productivity potential,
which actualizes the use of them as breeding material, and
their genetic remoteness from the rest of the gene pool can
increase the effect of heterosis during hybridization.
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