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Abstract. The assessment of intraspecific variability of wheat has been relevant for years. Although most modern wheat
cultivars are considered to be pure lines, the heterogeneity of varietal populations is one of the mechanisms for main-
taining population homeostasis. It is possible that the high evolutionary stability of constitutive heterochromatin and
its stable distribution within chromosomes will allow us to use karyological analysis not only for studying the genesis
and taxonomy of Triticum L., but also for studying the intraspecific diversity of wheat. In this regard, a classification of
87 Russian cultivars of common wheat differing in breeding status (landraces and modern cultivars) and growth habit
(spring and winter) was carried out using two alternative approaches for assessing karyograms. The first approach
uses the qualitative assessment of karyograms based on the distribution of C-bands on chromosomes. We also pro-
posed that quantification of karyograms based on the size of C-bands would make the classification of cultivars more
adequate. The variability, informative value and resolution of diagnostic features, trends in grouping cultivars, and their
associations with the breeding status and growth habit were studied. A high potential of karyotyping with C-banding
in discriminating modern cultivars by growth habit, as well as in separating winter cultivars from landraces has been
revealed. In terms of the tested karyological features, the homogeneity of modern cultivars was higher than that of
local cultivars, and the homogeneity of winter wheat was higher than that of spring wheat. The obtained classification
reflects the preservation of high similarity in the karyograms of modern spring cultivars and landraces, as well as the
low distinguishability between the karyograms of landraces differing in growth habit. A comparative analysis of the
classifications of 20 cultivars using C-banding and SNP genotyping (3,126 polymorphic markers) suggests that study-
ing the karyotypic variability allows us to infer a more accurate differentiation of wheat varietal populations based on
the breeding status than using SNP markers that detect genetic variability, especially when the number of diagnostic
features is limited.
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AHHoTauuA. Ha NpoTsKeHNy MHOTUX NET OLleHKa BHYTPVBVAOBON U3MEHUYMBOCTY MNLIEHWLbI HE TEPAET CBOE aKkTyaslb-
HOCTU. XOTA GOMbBLIMHCTBO COBPEMEHHbIX COPTOB MLWEHNLbl OTHOCAT K YNCTONIMHENHBIM, FeTePOreHHOCTb COPTOBbIX
nonynAuuniA BbICTyNaeT OAHVMM U3 MeXaHW3MOB NMOAAEPXKaHUA MONyNALMOHHOIO romMeocTtasa. Bo3MoxHo, BbicoKas
3BONIOLMOHHAA CTabUIIBHOCTb KOHCTUTYTUBHOMO reTepOXPOMaTIHa 1 €ro yCTOMUMBOe pacrnpepeneHre Ha XpoMocCo-
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Karyological differentiation
among bread wheat cultivars

Max Mo3BonAT 3PPEKTUBHO UCMONb30BaTb KapMOOrMYeCKUiA aHann3 He TONbKO ANA NCC/IeAOBaHWA reHesnca 1 Tak-
coHomumn poga Triticum L., HO U ANA U3y4yeHnA BHYTPUBULOBOrO pasHoobpasna nieHnubl. B 3Tol cBA3M nposBeaeHa
Knaccndukauma 87 poccUinCcKUX COPTOB MATKOM MLIEHMNLbI Pa3/IMYHOIO CeNTEKLMOHHOIO CcTaTyca (CTapoMeCTHble 1 Co-
BpeMeHHble copTa) 1 TUNna pa3BuTUA (APOBbIe 1 03VIMble) Ha OCHOBaHMV OLIEHKM Kapyorpamm, BbIMOTHEHHOW C UCMONb-
30BaHVeM [IByX NMOAXOAO0B. [epBbiii MOAXOM OCHOBAH Ha KaueCTBEHHOW OLeHKe Kapuorpamm no pacnpenenenuio re-
TepoXpomMaTHOBbIX C-6110KOB Ha XpOMOocoMax. Mbl TakKe NPefnonoXMK, YTO KONMYeCTBEHHAA OLieHKa Kaprorpamm
no pasmepy nHAMBMAyanbHbix C-610K0B (BTOpOW Noaxoa) caenaet knaccudurkaumio coptoB bonee agekBatHom. Mc-
CNefoBanvch BaprabenbHOCTb, HGOPMATMBHOCTb U pa3peLuaroLas CnocobHOCTb ANArHOCTUYECKMX MPU3HAKOB, TEH-
[EeHLMM B rpyNMnMpPOBaHMM COPTOB, a TakXKe X acCoLMaLnm C CENTIEKLMOHHbBIM CTaTyCOM U TUMOM pa3BuUTUA. Pe3ynbTaTbl
BbIABMNIM BbICOKMI NoTeHUman C-OKpacky B AUCKPUMIMHALN COBPEMEHHbBIX COPTOB MAFKOW MLUEHWLbl MO TUMY pa3-
BUTUS 1 060COONEHUN X 03MMbIX GOPM OT MECTHBIX KyNbTYp. [OMOreHHOCTb COBPEMEHHBIX COPTOB MO TECTUPYEMbIM
Kapronormyecknm nprisHakam 6binia Bbille, YeM CTaPOMECTHbIX, @ 03VIMbIX — YeM APOBbIX. [lonyyeHHaa Knaccndprkaums
OTpaXkaeT CoOXPaHeHVe BbICOKOW OBLLHOCTM B KapMorpaMmax COBPeMEHHbIX APOBbIX KYJIbTYp 1 COPTOBbIX MOMyNALMIA
MeCTHOrO BO3JesibiBaHuA, a TakxKe c/labyio pasnmnuMmMoCcTb KapumorpamMmm CTapoOMECTHbIX COPTOB, KOHTPACTHbIX MO TUMy
pa3BuTnA. CpaBHUTENbHBIN aHann3 Knaccudurkaumii 20 BbBIGOPOUHbIX COPTOB Mo AaHHbIM C-oKpalwmBaHua 1 OHIM-reHo-
TMNMpoBaHMA (3126 NONMMOPPHBIX MapKepoB) NpeAnosaraeT, YTo N3yyeHne KapuoTUNMUeCkon N3MeHUYNBOCTM Mo-
MoraeT cocTaBuTb 6osiee BepHOe npefcTaBneHne o anddepeHumaLnm COpTOBbIX COBOKYMHOCTEN MLEHNLbl O CeneK-
LIMOHHOMY CTaTycCy, Yem npu ncnosb3osaHun OHIM-mapKepoB, AETEKTMPYIOLNX FEHHYIO N3MEHUMBOCTb, 0COOEHHO Npu
orpaHVyYeHHOM KOM4ecTBe ANarHoCTUYECKMX NPU3HAKOB.

KnioueBble cnosa: mArkasa ApoBas 1 03Mmas MNieHnLa; CTapOMECTHbIe U COBPEMEHHbIe COPTa; CeNeKLms; Kaprnonoru-

YecKnin aHanms; KapunocncremaTuka, C-OKpaCKa XpomMmocom

Introduction

Cultivation of common wheat Triticum aestivum L.
(2n = 6x = 42, BBAADD) in various eco-geographical
regions with its exceptionally wide distribution has led to
the accumulation of structural, genetic and physiological
changes, and the emergence of a huge diversity of intraspe-
cific forms (Zohary et al., 2012; Zhao et al., 2023). In this
regard, the study of wheat intraspecific variability seems
relevant. Although most modern wheat cultivars are classi-
fied as pure lines, their inherent polymorphism, heterogeneity
of varietal populations, acts as one of the mechanisms for
maintaining population homeostasis (Fadeeva, Narbut, 1969;
Kudriavtsev, 2006; Serpolay-Besson et al., 2011), which
leads to poorly reproducible results in their differentiation
(Kudriavtsev, 2006; Metakovsky et al., 2024). The high
evolutionary stability of heterochromatic blocks, as well as
their stable distribution on chromosomes, creates the pre-
requisites for the successful use of chromosomal markers
to solve such problems.

Previously, karyological analysis has proven itself success-
ful in the study of the genesis and taxonomy of wheat within
the genus (Iordansky et al., 1978a, b; Zurabishvili etal., 1978;
Badaeva et al., 1986, 1994, 2007, 2015a, 2022; Gill et al.,
1991; Jiang J. et al., 1993, 1994; Friebe, Gill, 1996; Dedkova
etal., 2004,2007, 2009); however, the validity and prospects
of its application in assessing the population variability of
this crop remain a subject of discussion. This is largely due
to both the relatively high labor intensity of karyological
analysis and the complexity of describing the karyotype of a
variety in a form accessible for statistical processing. So, the
karyogram of the model variety Chinese Spring serves as a
standard for describing deletion lines (Endo, Gill, 1996) and
compiling physical maps of chromosomes (Delaney et al.,
1995; Mickelson-Young et al., 1995), but due to the absence
of anumber of C-bands present in other species or cultivars of
wheat, it cannot be directly used to characterize intraspecific
polymorphism. At the same time, although many authors

have noted a wide variety of differential staining patterns
of common wheat chromosomes (lordansky et al., 1978a;
Zurabishvili et al., 1978; Seal, 1982; Friebe, Gill, 1994),
the karyograms they provide are not suitable for statistical
processing and analysis of population structure.

Improvement of the fluorescent in situ hybridization
method and the development of an oligoprobe system have
significantly simplified and reduced the cost of the analysis
and made it possible to study fairly large samples (Jiang M.
et al., 2017; Huang et al., 2018; Guo et al., 2019; Hu et al.,
2022). At the same time, the assessment of the frequency
and distribution of polymorphic variants served to identify
groups of closely related cultivars (Huang et al., 2018; Guo et
al.,2019; Hu et al., 2022). Another approach, “chromosomal
passportization”, is based on a comparison of the karyotype
of a specific sample with a generalized species ideogram
(Badaeva et al., 1990). In contrast to the previously discussed
approach, the diagnostic feature here is an individual block
of constitutive heterochromatin (C-band). This approach was
first used to assess the diversity of spelt wheat (Dedkova et
al., 2004) and the European emmer group (Dedkova et al.,
2009), and the population structure of T. dicoccum obtained
with its use corresponded well to the existing taxonomy
(Goncharov, 2012; Badaeva et al., 2015b). The population
structure of T. araraticum, revealed using chromosomal
analysis (Badaeva et al., 2022), was completely consistent
with the data of a molecular genetic study of the same
samples, performed using SSAP markers.

Depending on the breeding status, a distinction is made
between landraces (local populations) and modern wheat
cultivars. Local varietal populations are locally adapted, they
are traditionally cultivated in isolated areas, and their seed
production is carried out without deliberate hybridization
and targeted change of genotype (Zeven, 1998). Neverthe-
less, the genetic diversity of landraces was maintained by
cultivating a mixture of different genotypes or often even a
mixture of different crops, which created the possibility of
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exchanging genetic material between plants (Zeven, 1980,
1998; Feldman, 2001). The transition to scientifically based
breeding of common wheat, based on targeted selection of
parental genotypes, introgression of foreign genes, and the
use of mutagenesis took place in the late 19th—early 20th cen-
turies (Feldman, 2001). Since samples from geographically
separated populations, as well as representatives of related
taxa, were often used in the creation of cultivars (Mujeeb-
Kazi et al., 2013; Sharma M. et al., 2020; Sharma S. et al.,
2021; Boehm, Cai, 2024), the possibility of the formation
of qualitatively new, specific karyotypes, isolated and main-
tained in the pool of breeding cultivars, cannot be ruled out.
This circumstance actualizes the assessment of the potential
of karyological analysis in the differentiation and classifica-
tion of wheat varietal populations.

While the relationship between the karyotype of a given
cultivar and its origin has natural grounds, it is fundamen-
tally important to test the associations of the karyotype with
other, less obvious — but significant in its formation — factors.
One of these factors is the climate regime of the cultivation
region, since it has a direct impact on the formation of the
growth habit. In particular, winter cultivars are sown before
the onset of cold winter weather, supporting the vernalization
process under conditions of low temperature and shortened
photoperiod. Their vegetation continues with the onset of
the warm period of the year, and they ear earlier than spring
cultivars, which are only sown in the spring. Thus, the differ-
ence in the timing of earing of winter and spring wheat can
act as one of the mechanisms of reproductive isolation in the
formation of specific features of karyotypes in cultivars with
an alternative sowing season. However, we are not aware of
any studies of this kind.

In the present study, the potential of constitutional hete-
rochromatin karyotyping (C-staining) in discrimination of
Russian-bred common wheat varietal populations is deter-
mined. The relationship between the classification obtained,
the breeding status (landraces and modern), and the growth
habit (winter and spring) is analysed. Two approaches to the
extraction of diagnostic features are tested. The first approach
is based on the qualitative assessment of karyograms by the
distribution of heterochromatic C-bands on chromosomes.
We also assumed that the quantitative assessment of karyo-
grams by the size of individual C-bands would make the
classification of cultivars more adequate. The advantages and
disadvantages of karyosystematics of varietal populations are
discussed in comparison with genotyping based on single
nucleotide polymorphism (SNP genotyping).

Materials and methods

Plant material. Karyological analysis was performed on
87 cultivars of common wheat from different regions of Rus-
sia. The samples were 44 landraces (bred from landraces and
received in the VIR collection or zoned in the USSR before
1940) and 43 modern cultivars (obtained after 1940 with
hybridization) containing equal proportions of spring and
winter samples (Supplementary Materials, Table S1)!.

T Tables $1-56 and Figures S1-S11 are available in Supplementary Materials at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Muterko_Engl_29_6.pdf
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Karyological analysis. The standard C-banding technique
was used to obtain and stain chromosome preparations (Ba-
daevaetal., 1994). Chromosomes were classified according
to the genetic nomenclature (Gill et al., 1991). Karyograms
were evaluated using two approaches. Qualitative evaluation
was based on discrimination of chromosome types by the
presence of C-bands indicated on the reference karyogram.
Quantitative evaluation involved visual determination of
the size of C-bands on a six-point scale (from 0 to 5) in ac-
cordance with the previously proposed recommendations
(Badaeva et al., 1990). For this purpose, the chromosomes of
a specific variety were compared with the generalized species
ideogram and each identified band was assigned a number
from 1 to 5 depending on its size: 1 — small, 2 — small but
clearly visible, 3 — medium, 4 — large, 5 — very large. If a
band was missing in any position, it was assigned the value
“0”. Constant bands that did not vary in size were excluded
from the analysis.

Data analysis. Cluster analysis was performed using
hierarchical and K-means clustering on Euclidean distances
calculated from the initial binary data. K-means clustering
was performed on a standardized (centered and scaled) dis-
tance matrix. Gap statistics (function fviz_nbclust, R package
factoextra) were used to determine the optimal number of
clusters for initializing the K-means algorithm. Visualization
of clusters on a plane was performed using the method of
multidimensional scaling of the initial binary matrix (func-
tion cmdscale, R package stats) (Becker et al., 1988).

The choice of the agglomerative hierarchical clustering
method was made among eight algorithms implemented in
the hclust function (R package stats) using the following
approaches. 1. The empirical evaluation of the method was
based on its ability to separate cultivars by the considered
characteristics (breeding status, growth habit and their com-
bination). Since the largest number of characteristic states
is four (four variants of combinations of the breeding status
with the growth habit), the tested topology was divided into
four clusters with a volume of at least three cultivars. In
each cluster, the number of cultivars with the same type of
the characteristic was counted and the largest was selected,
then these values were summed up for all clusters. 2. To
assess the parsimony of the cladogram, expressed by the
smallest number of changes explaining its topology, the Fitch
algorithm implemented in the parsimony function from the
R package phangorn was used (Schliep, 2011).

Cladograms were calculated with the hclust function and
visualized using the R package dendextend (Galili, 2015).
The assessment of clade conservation on the dendrogram,
support for their monophyly, was carried out using the boot-
strap method (Felsenstein, 1985) with 1,000 iterations, imple-
mented in the boot.phylo function from the R package ape
(Paradis, Schliep, 2019). Topology entanglement was calcu-
lated using the untangle function (R package dendextend)
in three rounds using the random method and an additional
round using the step2side method. The topological distance
between dendrograms (symmetric difference) (Robinson,
Foulds, 1987) was calculated with the dist.dendlist function
(R package dendextend).
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The selection of groups of cultivars from the cladogram
was carried out by cutting its topology to a given number of
clusters using the cutree function from the R package stats
(Becker et al., 1988), the centers of which were calculated
for each variety from the distance matrix as the average value
of the distances between the given variety and the cultivars
from the current cluster. Standardized coordinates of the
cluster centers were used in the factor analysis.

Factor analysis was performed using the principal com-
ponent analysis, using the characteristics being tested as
additional qualitative variables (PCA function, R package
FactoMineR) (Husson et al., 2010). Pearson correlation coef-
ficients (r) between additional variables (tested characteris-
tics) and dimensions were calculated as square roots of eta2,
and correlations between dimensions and values of these vari-
ables as square roots of cos2. Assuming a normal distribution
of correlation coefficients (according to the central limit theo-
rem), the asymptotic p-values for r > 0.40 with 87 observations
were <0.01 (power = 0.9).

Multiple correspondence analysis was performed using
the MCA function (R package FactoMineR) on the original
binary data transformed into logical levels. The characteris-
tics being tested were utilized as additional variables.

The statistical significance of overrepresentation assump-
tions was assessed using Fisher’s exact test (function fisher:
test from the R package stats), followed by filtering the results
by p-value > 0.05.

Logistic regression was calculated using the glm function
(R package stats), using a quasi-binomial model with link
function logit.

Primary data on SNP genotyping of 20 cultivars from the
tested sample were obtained from the work of D.A. Afon-
nikov et al. (2024).

Results

The results of karyological differentiation of 87 Russian culti-
vars as well as the analysis of the conjugacy of their breeding
status and growth habit with the resulting classification are
consistently presented according to two types of diagnostic
features: chromosome type and C-band size.

Qualitative assessment of karyograms.
Chromosome type as a differentiating feature

Association of the chromosome type with the breeding status
and the growth habit of cultivars

Using chromosome type as a diagnostic feature, a total of
205 unique karyograms were detected for chromosomes from
the A, B, and D genomes (Fig. S1). Chromosomes 4D and
5D were excluded from the analysis, since the C-staining
method used did not allow for reliable separation of their
polymorphic variants. Although the frequency of occurrence
of individual chromosome types varied greatly depending on
the breeding status of cultivars, their growth habit, as well as
the combinations of these characteristics (Fig. S2), no diffe-
rences in their distribution by the characteristics tested were
found between the genomes and groups of homoeologous
chromosomes; in the groups of cultivars with alternative
forms of the tested characteristics, an almost equal number
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of chromosome types from each genome or homoeologous
group is presented, which indicates the absence of bias in
the original data. 12 groups of associated chromosome types
were found, characterized by identical sets in all cultivars
(Table S2). In most cases, the groups were presented in pairs,
three groups contained three associated types, and one four.

To assess the statistical significance of the association of
chromosome types with tested characteristics, Fisher’s exact
test for overrepresentation was used in a sample of cultivars
homogeneous for the trait being tested (Table S3). Most
chromosome types (144, 70 %) were not informative, since
the test for their overrepresentation resulted in a significance
level of the alternative hypothesis p > 0.05. The number of
overrepresented chromosome types in modern cultivars was
more than that in landraces of identical growth habit, in the
absence of differences between contrasting samples in terms
of the tested characteristics (Fig. 1a, c).

Similar results were obtained when assessing the overrep-
resentation of chromosome types among winter and spring
cultivars with identical breeding status, and, conversely,
among landraces and modern cultivars of identical growth
habit (Fig. 1b, d). It follows that the homogeneity of modern
cultivars is higher than that of landraces, and that of winter
cultivars is higher than that of spring cultivars.

Cluster analysis of cultivars by chromosome type

Cluster analysis was carried out using hierarchical and
K-means clustering in order to select an approach that pro-
vides the most adequately interpretable idea of the differen-
tiation of cultivars according to the tested characteristics.

According to gap statistics, the optimal number of clus-
ters for K-means algorithm is three. Although visualization
of the clusters on the principal coordinate plane confirmed
good resolution (Fig. 2a), only the third cluster was highly
homogenous in terms of the characteristics under conside-
ration (Fig. 2b). It included 21 exclusively modern cultivars,
predominantly of the winter growth habit (20 cultivars). The
first cluster contained 30 cultivars, with a predominance of
landraces (27 cultivars), equally represented by the growth
habit (16 winter and 14 spring). The remaining cluster of
36 cultivars was the most heterogeneous (Fig. 2b).

It is important to note that, based on these results, the
cultivars were optimally divided into three clusters, rather
than the expected four, assumed by the number of contrasting
forms of tested characteristics (landraces/modern, winter/
spring, or their combinations) considered, and modern cul-
tivars were divided by the growth habit, with the majority
of winter cultivars (87 %) being allocated, while landraces
were not distinguishable by this trait. At the same time, CS
were grouped with landraces, and were mostly concen-
trated in the cluster with a predominance of spring landraces
(cluster 2).

The choice of the agglomerative hierarchical clustering
method was made empirically, according to the best separa-
tion of cultivars by the considered characteristics, as well as
by the least number of changes explaining the tested topology
(Table S4). Both approaches predict the best result for the
cladogram topology calculated by the Ward method, taking
into account the clustering criterion (method “ward.D2”).
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Fig. 1. Association of the chromosome type with the breeding status and the growth habit of cultivars.

The number of chromosome types associated with the breeding status (VT), growth habit (GH) and combination of these characteristics (VTGH) in the total
sample (a) and among winter (W) and spring (S) landraces (WSL, SEL) and modern (WEC, SEC) cultivars, and vice versa among landraces (L) and modern cultivars
(C) of spring (LSS, CSS) and winter (LEW, CEW) wheat (b). p < 0.05 test values for overrepresentation in the sample of cultivars homogeneous in the tested trait

from the total population (c) and subsamples (d).

In the dendrogram of cultivars, two major clades, char-
acterized by the greatest distance from each other, divide
modern winter cultivars (22 of 23) and the remaining groups
(Fig. 2c). More than 70 % of the dispersion in the average
distances between cultivars and major clades is explained by
this division, namely, the allocation of CW into a separate
cluster. With further pruning of the topology, a small group
of seven CS and a large cluster uniting almost all landraces
(42 of 44) are identified. The completely homogeneous
cluster CS (cluster 1), although characterized by a much
greater distance from both landraces (cluster 3) and modern
winter cultivars (cluster 2) than the distance of the latter
two from each other, is more strongly attracted to the group
of cultivars of predominantly landraces (the total length of

branches between clusters 1 and 3 is 2.4 times shorter than
that between clusters 1 and 2), among which there are already
40 % of CS (Fig. 2e). This tendency is more clearly reflected
in the plane of the main factors of attraction of cultivars to
clusters (Fig. 2d). Here, the first component is positively cor-
related with the inclusion of cultivars in cluster 2 (r = 0.85),
and the second is negatively correlated with the inclusion of
cultivars in cluster 1 (r =-0.94). In the principal component
plot, most of the CS (75 %) are localized in the negative
coordinates of the first dimension. CS are highly correlated
with the second dimension (r = 0.98), the correlation with
which is also more pronounced for LW (r = 0.63) and LS
(r = 0.31) than for CW (r = 0.13). Thus, the major clade
from clusters 1 and 3 unites most CS with landraces. It is
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method. For clarity, the first five clades with their representation on the plane of principal components (d) and the corresponding proportions of cultivars with

alternative forms of the tested characteristics (e) are highlighted in color.

noteworthy that in cluster 3, CS are grouped with landra-
ces of predominantly spring type, suggesting that modern
spring cultivars have undergone less intensive breeding,
retaining a greater similarity of karyograms with landraces.
Despite the similarity of results between alternative cluster
analysis approaches, hierarchical clustering provides a more
adequately interpretable representation of variety differentia-
tion. Support for monophyly of most clades was low, but sta-
tistically significant (9.3-99.3 %) for all top-ranking clades
(Fig. S3).

Optimization of the branch length (cophenetic distances
between cultivars) of the current dendrogram topology by
the likelihood maximization method resulted in compres-
sion of clusters and their better resolution on the plane of
principal coordinates (Fig. S4). The logarithm of likelihood
(logLik) increases from —12,355 to —4,115. The separation
of cultivars by breeding status becomes more convincing,
but still imperfect, whereas landraces completely merge by
the growth habit, but the splitting of modern cultivars by this
characteristic increases.
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Correspondence analysis of cultivars by chromosome type

In Figure 3a, the distribution of cultivars is presented on
the plane of the first two dimensions. The proportion of ex-
plainable variance is evenly distributed between the main
dimensions (3.7 and 3.6 %, respectively). However, the
purpose of the present correspondence analysis is not to as-
sess the contribution of individual chromosome types to the
distribution of cultivars, but to study the relationship between
this distribution and the tested characteristics, represented
here by additional qualitative variables, based on their cor-
relations with the dimensions.

The first dimension is highly correlated with the character-
istic combining the breeding status and the growth habit of
cultivars (r=0.66), and to a greater extent, with their growth
habit (r = 0.47) than with the breeding status (r = 0.29,
p > 0.14). The characteristic combining the breeding status
and the growth habit of cultivars is also best correlated with
the second dimension (r = 0.80), but, unlike the first dimen-
sion, mainly due to the breeding status (r = 0.64), rather than
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the growth habit (r = 0.43). Thus, while the growth habit
correlates equally with both dimensions, the correlations of
the breeding status of cultivars with the main dimensions
differ by more than two times. In addition, the characteristic
combining the breeding status and the growth habit also tends
more towards dividing cultivars by breeding status (the cor-
relation with the second dimension is 21 % higher than with
the first), suggesting that the separation of cultivars is more
likely to be determined by their breeding status than by the
growth habit. It is characteristic that the tendency to group
by breeding status is most pronounced for CW (r = 0.75,
with the second dimension) and LS (r = 0.47, with the se-
cond dimension), but not for CS (r = 0.03 [p > 0.89], with
the second dimension). The correlations of CW and LS with
the growth habit are so small (r = 0.28 and r = 0.08, with
the first dimension) that they are statistically insignificant
(p>0.17 and 0.87), in contrast to CS (r = 0.64 [p < le-4],
with the first dimension). Landrace winter cultivars (LW)
equally weakly and statistically insignificantly correlate
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Fig. 3. Correspondence analysis of cultivars by chromosome type.

a - distribution of cultivars (W - winter, S - spring, L — landraces, C - modern) on the plane of the first two principal dimensions;
b - dendrogram calculated from the coordinates of cultivars on the plane of principal dimensions.
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with both dimensions (r =0.27 and 0.25 [p > 0.20] with the
second and first dimensions, respectively). Thus, the splitting
of the sample is detected only among modern cultivars, but
not landraces. In this case, the allocation of CW is mainly
due to their breeding status, which does not, however, affect
the distribution of CS.

On the plane of the main dimensions, it is also possible to
see how much modern cultivars differ in the growth habit, the
areas of clusters of winter and spring samples not overlap-
ping, and how tightly the landraces are merged according
to the same characteristic. With the exception of CW03,
CW are the most homogeneous (CB = 0.42), they form a
compact group in which a dense core of seven cultivars can
be distinguished (CW02, CW09, CW14, CW15, CW18,
CW21, and CW23). Landraces are also grouped relatively
compactly (CB = 0.89), while CS form the most diffuse
cluster (CB = 1.02), and therefore, are the most hetero-
geneous.

In view of the discovery of new factors that reveal hidden
trends in the distribution of cultivars, a comparative analy-
sis of their hierarchical clustering was carried out. In this
regard, the coordinates of cultivars on the plane of principal
dimensions were utilized to calculate the distance matrix,
and clustering of cultivars was carried out using a similar
method of calculating topology as in the original data (Ward
method). In the new version of the cladogram (Fig. 3b), de-
spite the complete restructuring of the topology (topology
entanglement 97 %, topological distance 166 branches), the
separation of modern cultivars has significantly improved.
In particular, the CW cluster became more homogeneous,
landraces and all spring cultivars except CS11 were com-
pletely excluded from it, sample CW03, carrying three chro-
mosomal introgressions from T. miguschovae, stood out, and
CWO07 moved to the cluster of landraces. The cluster of CS
cultivars split, but they still grouped with landraces, mainly
of the spring growth habit. The distances between cultivars
also changed, but their correlation remained at a high level
(r=0.80, p < le-5).

Quantitative assessment of karyograms.
Size of C-bands as a differentiating feature

Association of C-bands with the breeding status

and the growth habit of cultivars

During the quantitative assessment of karyograms by the
size of C-bands, 98 diagnostic categories were identified
(Fig. S5). The association of the C-bands with the tested
trait was assessed using logistic regression, during which
the statistical significance of the increase in the chances of
detecting a C-band in cultivars with a given form of the tested
characteristics was calculated with an increase in its size by
one unit.

When assessing the odds ratio of detecting C-bands in
cultivars that differ in breeding status, statistically signifi-
cant results (p < 0.05) were obtained for 22 C-bands, with
the number of C-bands more clearly detected in landraces
being 1.4 times greater than that in modern ones. The same
analysis revealed 27 C-bands associated with the growth
habit of wheat, with most of them (60 %) being identified

760

Karyological differentiation
among bread wheat cultivars

with the winter cultivars (Table S5). Similarly, among both
winter and spring cultivars, the number of C-bands associated
with landraces was greater than with modern ones, and with
the winter growth habit, greater than with the spring growth
habit, both among modern cultivars and landraces (Fig. 4a).
However, in modern cultivars, twice as many C-bands as-
sociated with alternative growth habit were identified as in
landraces, and in winter cultivars, the number of C-bands
associated with alternative breeding status was detected to
be greater than in spring cultivars. The same was true when
testing the association of C-bands with combinations of the
tested characteristics (Fig. 4a).

The obtained results are fully consistent with the associa-
tion of the tested characteristics with the chromosome type
(Fig. 1), confirming the higher homogeneity of modern
cultivars than landraces, and winter cultivars than spring
cultivars also in the quantitative assessment of karyograms.
However, when comparing landraces and modern cultivars
regardless of their growth habit or in subsamples of its al-
ternative form, in landraces, a high probability of detection
exists for a larger number of C-bands. The above-mentioned
homogeneity of the sample of modern cultivars when testing
a combination of characteristics is achieved due to a larger
fraction of null alleles (the probability of the absence of a
C-band on a chromosome, oddFC < 1), and in the case of
testing subsamples from modern cultivars and landraces,
it is due to better differentiation of karyograms of modern
cultivars that differ in the growth habit. Thus, not only the
greater disunity of spring and winter samples in the pool of
modern cultivars than in landraces is confirmed, but also the
ability to identify it in the course of associative analysis dur-
ing the quantitative assessment of karyograms, as opposed
to the qualitative assessment of karyograms.

It should be noted that the degree of association (the mul-
tiplicative factor of the odds ratio) was higher for most of
the C-bands associated with CW (Fig. 4b). Thus, most of the
C-bands (presence or absence) associated with modern
cultivars or winter growth habit are specific for CW. Conse-
quently, modern winter cultivars have twice as many specific
karyological features (C-bands) that allow us to allocate
them. In total, for all of the above-mentioned variants of
analysis for the association of C-bands with the tested charac-
teristics, less than half of them (45 %) were not informative.

Cluster analysis of cultivars by C-band size
Although the gap statistics algorithm predicts optimal seven
clusters, the best resolution is provided with three. But even
in this case, only two of them are almost completely sepa-
rated (Fig. 5a, b). In one of these clusters, CW predominate
(74 %), with 17 of the 23 modern winter cultivars included in
this cluster. The other, largest cluster contains predominantly
landraces (68 %), equally represented by the growth habit.
The majority of CS (80 %) also entered here, confirming their
gravitation towards landraces rather than modern cultivars.
The high heterogeneity of the clusters by the tested charac-
teristics makes this clustering approach not very useful for
differentiation of tested cultivars.

The results of hierarchical clustering performed by the
Ward method (predicting the best separation of cultivars
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Fig. 4. Association of C-bands with the breeding status and the growth habit.

a - the number of C-bands associated with the breeding status, the growth habit and the combination of these characteristics in the
total sample and in the subsamples of winter (W), spring (S), landraces (L) and modern (C) cultivars, as well as among winter and spring
landraces (WEL, ScL) and modern (WEC, SC) cultivars, and vice versa, among landraces and modern cultivars of spring (LSS, CSS) and
winter (LEW, CEW) wheat; b - the multiplicative factor of the odds ratio for the C-band occurrence (oddFC) in the subset of cultivars
similar by the tested characteristics from the total sample and subsamples.

by the tested characteristics and the assessment of topology
parsimony, Table S6) are, on the whole (in terms of separa-
tion into major clades), similar to the above classification of
cultivars by chromosome type, although the topologies of
the corresponding dendrograms are completely entangled
(up to 90 %, topological distance of 144 branches, Fig. S6,
S7), and only 13 common clades, which, however, are un-
tangled by 62 %, retain a topological distance of 14 branches
(Fig. S8). In the new version, it should be noted that the CW
clade is more homogeneous and is divided into two clusters
of unequal volume (Fig. 5C). The validity of this division
is confirmed by the high conjugacy of the sizes of a num-
ber of C-bands on chromosomes 1BS and 3BS (Fig. S9).
In addition, CS and LW are also grouped more densely
and uniformly. Finally, the topology of the dendrogram is
distinguished by greater support for the monophyly of the
clades (Q3 =43.5 %, Fig. S10), which follows from the bet-
ter conjugacy of the diagnostic features obtained during the
quantitative assessment of the karyograms.

Factor analysis by C-band size

Factor analysis was carried out using the principal component
(PC) method, utilizing the tested characteristics as additional
variables. In the plane of the first two PCs (Fig. 6a), only CW
is well separated, with a dense core of eight cultivars. Modern
spring cultivars almost completely overlap with landraces,
mainly also spring ones. This differs significantly from the
distribution of these clusters observed during the analysis

by chromosome type, where clusters of spring cultivars of
alternative breeding status overlapped to a much lesser extent.
Another distinctive feature of the results of this analysis is
the emerging trend in the division of landraces by growth
habit. Finally, in connection with the transition from a binary
scale to a six-point scale, the density of clusters changes,
they become more sparse, the resolution in the division of
cultivars increases. Proportion of explainable variance falling
on each of the components is less than 10 %, which confirms
the weak consistency of diagnostic features. However, their
total value (18.7 %) is 2.6 times greater than that obtained
from the principal dimensions during the correspondence
analysis of cultivars by chromosome type.

In this analysis, however, it is not the influence of combina-
tions of features (size of C-bands) on the discrimination of
cultivars that is of interest, but the identification of trends in
the grouping of cultivars by the tested characteristics, which,
however, weakly and statistically insignificantly (p > 0.24)
correlate with the first PC. In this regard, it makes sense to
consider the distribution of cultivars in the space formed
by the second and third PCs (Fig. 6b, c), which are highly
correlated with the tested characteristics. In particularly,
the correlation of the growth habit is maximum with the
second PC (r = 0.71), while the breeding status of cultivars
is more strongly correlated with the third PC (r = 0.57).
Since the correlation with the growth habit is higher than
with the breeding status, the separation of cultivars by this
characteristic is also better (cos2 = 0.78 for winter and spring
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Fig. 5. Cluster analysis of cultivars by the size of C-bands.

a - visualization of clusters calculated with the K-means on the plane of principal coordinates; b — proportions of cultivars with alternative forms of the tested
characteristics in these clusters (W - winter, S - spring, L — landraces, C - modern); ¢ - dendrogram of hierarchical clustering of cultivars calculated by the Ward
method (the first five clades are highlighted in color for clarity).
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Fig. 6. Factor analysis by C-band size.

The distribution of cultivars is presented on the plane of the first two (a), as well as the second and third (b, ¢) principal components. In the latter case, groups of
cultivars (W - winter, S - spring, L - landraces, C — modern) with identical breeding status (b) and growth habit (c) are distinguished.
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types, and cos2 = 0.52 for landrace and modern status); this
is another difference from the correspondence analysis by
chromosome type. Consequently, in addition to the clear
allocation of CW, there is a tendency to separate cultivars
by growth habit (Fig. 6¢), which prevails over their breed-
ing status (Fig. 6b), and this applies in particular to modern
cultivars. CS are more strongly attracted to LS than CW to
LW, as a result of which landraces are grouped more densely
than modern ones. The movement of the LW cluster in the
direction of the winter growth habit (W, the positive direction
of the second dimension Dim2) shifts the perpendicularly
directed influence of their landrace status (L, the positive
direction of the third dimension Dim3); as a result, this
cluster moves diagonally (Fig. 6a). It is interesting to note
the influence of modern breeding on the isolation of winter
wheat. On LW, the breeding status has a much stronger
influence than the growth habit (cos2 = 0.32, with Dim3,
and cos2 = 0.008, with Dim2), whereas in the CW cluster,
the influence of the growth habit prevails (cos2 = 0.08, with
Dim3, and cos2 = 0.74, with Dim2).

Comparative analysis of karyological classification

with SNP genotyping

To assess the advantages and disadvantages of the karyologi-
cal approach to classifying wheat cultivars in comparison
with SNP genotyping, their resolution in differentiating a
sample of 16 winter cultivars, contrasting in breeding status,
and four modern spring cultivars was tested. The analysis
was carried out on 120 features during assessment by chro-
mosome type, 88 features during quantitative evaluation of
karyograms by the size of C-bands, and 3,126 features during
SNP genotyping; in the latter case, only unambiguously in-
terpretable SNP markers were used, excluding heterozygotes.

When comparing the qualitative method of evaluating
karyograms with SNP genotyping, the correlation of dis-
tances between cultivars was very low (r=0.22, p>0.07), the
entanglement of the topologies of the dendrograms calculated
by the Ward method was no less than 40 %, with a topological
distance of 32 branches. Even the minimum estimate of the
preservation of monophyly of the clades calculated based on
the results of SNP genotyping (48.7 %) exceeded the third
quartile when using the chromosome type as a diagnostic
feature (Q3 = 34.5 %) (Fig. 7a, ¢). On the plane of the main
dimensions, all three groups of cultivars are completely
separated by chromosome type (Fig. 7d). According to the
results of SNP genotyping, the cultivars are well separated
only by growth habit, while the winter wheat group is not
distinguishable by breeding status (Fig. 7b). In this regard,
the advantage of karyological analysis by chromosome type
in classifying cultivars by breeding status seems obvious, due
to its greater resolution at the given discrimination criteria,
despite the smaller number of diagnostic features and their
low consistency.

The use of C-band size as a diagnostic feature led to an
even greater decrease in the similarity between dendrograms,
increasing the entanglement of topologies to more than 80 %
and increasing the topological distance to 36 branches, with a
complete loss of distance correlation. Otherwise, the differen-
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ces between alternative approaches to assessing karyograms
in relation to SNP genotyping are similar to the previously
noted features of the quantitative method: better consistency
of the original data in supporting the monophyly of the clades
(Q3 =56.4 %, Fig. 7e), allocation of CW as a more sparse
cluster, and intersection of CS clusters with LW (Fig. 7f).
Thus, regardless of the approach to evaluating karyograms,
the significant differences between karyological classifica-
tion and SNP genotyping include the distinct separation
of modern winter cultivars and the CS tendency toward
landraces, which is more pronounced in the classification by
C-band size.

Discussion

The present study is aimed at assessing the potential of
karyological analysis in differentiating such complex objects
as varietal populations using modern cultivars and landraces
as an example. In this regard, 1) two methods of obtaining
diagnostic features from karyograms were tested for suitabil-
ity for discrimination, based on the limits of their variability
(degree of polymorphism), informativeness and resolution;
2) an assessment of the advantages and disadvantages of
this approach was carried out in comparison with SNP ge-
notyping; 3) an analysis of karyological classifications was
performed for the presence of trends in the distribution of
cultivars in accordance with their breeding status and growth
habit, as well as an assessment of their contribution to the ob-
served clustering and evaluation of its statistical significance.

The diagnostic features used were based on the variabi-
lity of constitutive heterochromatin blocks. Two alternative
approaches to its assessment were tested for resolution in
discrimination of Russian common wheat cultivars by their
breeding status and growth habit. The approach based on the
qualitative assessment of the karyogram uses a binary scale
reflecting the presence/absence of the C-band on the chromo-
some (distribution of C-bands along the chromosome length).
The disadvantage of this approach is that chromosomes
differing only in one C-band will be classified as different
types, and the difference between them will be assessed in
the same way as between chromosomes with significantly
different karyograms. For instance, in the classification based
on this method, the CWO03 sample with three unique intro-
gressions from T. miguschovae is distinguished as a separate
branch on the dendrogram and is highly isolated from the
other cultivars in the space of the main dimensions during
the correspondence analysis.

Assuming a reduction in the number of distinguished
categories due to the unification of similar chromosome
types, and, consequently, a more adequate classification
of cultivars, a transition was made to a six-point scale for
assessing karyograms by the size of individual C-bands
(quantitative assessment). Indeed, when using this approach,
the number of categories allocated was halved (from 205
to 98), but, on average, the resolution of cultivars increased
by the same amount (Fig. S11). The latter is due to a threefold
expansion of the range of the evaluation scale, which allows
for a more in-depth study of the genesis of cultivars, since
the higher the resolution of the method, the more common
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Fig. 7. Comparative analysis of karyological classification with SNP genotyping.

Dendrograms and distribution of cultivars (W - winter, S - spring, L — landraces, C - modern) on the plane of principal coordinates are presented according to the
results of SNP genotyping (a and b), chromosome type analysis (c and d), and C-band size (e and f).

features among the classified samples it is able to detect. In
the course of the principal component analysis, this led not
only to an increase in the proportion of explainable vari-
ance in the karyograms, but also to the revelation of the
importance of less obvious factors in the systematization of
the studied material. In particular, while in the classification
of cultivars by chromosome type (qualitative assessment of
karyograms), the “breeding factor” is of primary importance,
in the classification based on the quantitative assessment of
karyograms (size of C-bands), a more significant contribu-
tion of the growth habit is found. In hierarchical clustering,
the advantage of moving to a six-point scale is expressed
in a denser and more homogeneous grouping of cultivars
by the considered characteristics, justifying the expected
increase in the adequacy of their classification. Support for
the monophyly of the clades was also higher, indicating a
better consistency of the initial data (conjugacy of diagnostic
features). Finally, in the study of the association of alterna-
tive differentiating features with the breeding status and the
growth habit of cultivars, despite the reduction of diagnostic
categories, the uninformative fraction decreased from 70 to
45 %. However, despite the above-mentioned advantages
of this approach, its resolution in discriminating modern
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spring cultivars from landraces is significantly inferior to
the qualitative approach in assessing karyograms. In addi-
tion, in interpreting the results, one should accept the risks
of the influence of the subjective factor when assessing the
size of C-bands.

Since C-bands represent segments of inactive chromatin
characterized by a high degree of evolutionary conservatism,
their use as classification features is more justified in the
study of the genesis of cultivars than the specificity of their
genotypes. We also assume that the karyological features
of this type are predominantly selection-neutral and are not
subject to the adaptive action of natural selection. In this
regard, any association of a karyogram and a genotype with
a specific growth habit reflects only the commonality of their
origin. In view of the peculiarities of intensive selection, it is
likely that such associations will be more strongly expressed
among modern cultivars than among landraces. Since varietal
populations are locally adapted to the ecological and geo-
graphical conditions of the cultivation region, a relationship
is expected between the wheat growth habit and its origin. We
also hypothesized that more homogeneous modern cultivars,
which were often obtained using similar sets of elite founder
cultivars, would be characterized by a higher correlation of
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the karyogram with the growth habit than heterogeneous and
locally adapted landraces. This assumption is based on the
fact that genetic drift events such as the “bottleneck™ and the
“founder effect” occur during domestication, and modern
cultivars experience the impact of these evolutionary events
again when they are separated from the pool of locally culti-
vated wheats (Ladizinsky, 1985; Tanksley, McCouch, 1997;
Feldman, Levy, 2023). For instance, a study of a sample
of Chinese bread wheat cultivars based on FISH analysis
revealed a significant role of the “founder effect” in their clus-
tering (Huang et al., 2018; Hu et al., 2022). As a diagnostic
feature, the authors of these works took the similarity of the
distribution patterns of several polymorphic DNA probes,
which corresponds to the qualitative feature “chromosome
type” in our study. In addition, the more intensively the cul-
tivars are involved in breeding, the more they diverge and
become isolated, which leads to a narrowing of the genetic
diversity of modern cultivars (Reif et al., 2005; Haudry et
al., 2007; Sindhu, 2022). Based on the fact that the number
of winter common wheat cultivars approved for use in the
territory of the Russian Federation significantly exceeds the
number of spring cultivars (432 and 336, respectively; State
Register..., 2024), it can be assumed that the breeding of
modern winter wheat is carried out more intensively, and it
should be more isolated from landraces. Indeed, the factor
analysis showed a strong association of the growth habit with
the classification of modern cultivars by chromosome type,
while the karyograms of landraces are poorly distinguishable
by this characteristic. At the same time, with an increase in the
resolution of the method, the association of the growth habit
with chromosomal differentiation slightly increased, with a
tendency to separate landraces by growth habit. Earlier, when
analyzing 20 Russian cultivars using SSR and ISBP markers,
a division into subclusters of winter and spring forms was
also noted (Adonina et al., 2017).

The study revealed different effects of modern breeding
on the isolation of winter and spring wheat. In particularly,
modern winter cultivars, regardless of the type of diffe-
rentiating feature (chromosome type or C-band size) and
classification approach, due to the greater similarity of
karyotypes, are distinguished as a strictly delimited group,
in which a dense core of 7-8 cultivars with a very similar
karyogram is found. Thus, the growth habit of these cultivars
is not only associated with the corresponding alleles of the
vernalization genes, but reflects a karyotype that is separate
from spring and landrace cultivars, formed in the course of
long-term and targeted breeding. This observation confirms
the greater commonality in the genealogy of modern winter
cultivars (Novoselskaya-Dragovich et al., 2015). This is
also evidenced by their high homogeneity, according to the
number of associated karyological features of both types, and
intervarietal distances. Indeed, most of the CW included in
the present study had the Bezostaya 1 variety in their pedi-
gree, which could probably also have affected the isolation
of this group.

Modern spring cultivars, unlike winter cultivars, are
probably less intensively involved in breeding. They have
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experienced less influence of artificial selection and have
retained more affinity with landraces, mainly also of the
spring growth habit. The latter is especially clearly evident
in the classification based on the quantitative assessment of
karyograms where the cluster of modern spring cultivars
is almost completely overlapped with landraces, while
none of them are included in the cluster of modern winter
cultivars (Fig. 3a, 6a). Factor analysis also emphasizes the
predominance of the growth habit over the breeding status in
the distribution of cultivars. It should be noted that, despite
the closeness of modern spring cultivars to landraces, both
approaches to karyological classification reveal a tendency
in their isolation from the latter. This is manifested both in
the homogeneity of the CS clustering among landraces and
in the allocation of some of them into an independent clade.
Considering the complete separation of CW and CS, as well
as the tendency in the separation of landraces by this char-
acteristic, the growth habit appears to be a significant factor
in the differentiation of cultivated wheat, the reproductive
isolation of varietal populations, and their eco-geographical
distribution.

When comparing the karyological method with SNP
genotyping, both its key disadvantages and advantages in
classifying wheat cultivars have been identified. Among the
disadvantages, the limited number of diagnostic features and
their low consistency are mainly highlighted. If the quantita-
tive limitation is due to the nature of the features of this type,
then the weak support for the monophyly of clades on the
dendrogram is associated not only with their low conjugacy
in this sample, but also follows from the first disadvantage
(Rokas, Carroll, 2005). The low consistency of karyological
characters can be explained by the high frequency of C-band
recombination caused by both their high disunity on the
chromosome and combinatorial events in the distribution of
homologous chromosomes during meiosis (Blary, Jenczews-
ki, 2019; Koo et al., 2020; Mason, Wendel, 2020; Fan et al.,
2021), as well as changes in chromosome staining patterns
as aresult of introgression and chromosomal rearrangements.
A certain contribution is made by the technology of prepara-
tion and staining of metaphase plate preparations, as well as
a considerable amount of subjectivity in assessing the size
of C-bands.

Considerations of the monophyly of clades come from the
systematics of species based on their phylogeny. However,
the assumption of complete reproductive isolation, usually
applied to species, is unacceptable for freely interbreeding
wheat cultivars, and in the obtaining of cultivars, as was
noted in the introductory part of the article, samples from
geographically separated populations and even representa-
tives of related taxa were often used. The assessment of the
monophyly of clades in the dendrograms presented in the
current study reflects mainly the degree of conjugacy of
diagnostic characters. Indeed, the support for the monophyly
of the clades was somewhat higher when using the quantita-
tive karyotyping method. And although the statistical reliabil-
ity of monophyly was significant for all clades of the highest
rank, regardless of the approach to assessing the karyograms,
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it sharply decreased to complete disappearance when moving
to clades of lower ranks. At the same time, the justification
for monophyly was incomparably stronger and statistically
significant for all clades of the dendrogram calculated using
SNP genotyping, in which the number of diagnostic featu-
res was an order of magnitude greater, and their conjugacy
was higher, due to the higher mapping density on chromo-
somes.

Nevertheless, the value of differentiating features in clas-
sification problems is determined by their ability to discrimi-
nate a sample by the required qualities. While SNP markers
provide an idea of allelic, gene variability, polymorphism by
chromosomal markers reflects the variability of the karyotype
as a whole. Since the structure of heterochromatic C-bands
is not subject to genetic recombination and conversion, they
are evolutionarily more stable. Chromosomal aberrations,
also related to chromosomal markers, lead to significant
disturbances in the meiosis of heterozygotes, thereby leveling
the heterogeneity of the population and contributing to the
preservation of the authenticity of the original populations
over time, as, for example, noted for the group of European
emmer with the marker 5B-7A translocation (Dedkova et al.,
2009; Badaeva et al., 2015b). Thus, chromosomal markers
seem to be more reliable for systematization of wheat varietal
sets from the point of view of reliability and reproducibility
of classification, especially when the number of diagnostic
features is limited. Combinatorial variability at the chromo-
some level forms new karyotypes (classification categories
in karyological differentiation), but does not change the
combinations of features in linkage groups (often reflected
in conjugated markers in SNP genotyping). As a result, a
larger number of agreed diagnostic features, in itself, does
not yet mean better discrimination of their carriers, since
the latter also depends on the type of these features. Indeed,
comparison of SNP and chromosomal markers, in particular
when using the chromosome type, but not the size of C-bands
as a diagnostic feature, confirmed the superiority of the
latter in discrimination of 20 selected wheat cultivars both
by breeding status and by growth habit, despite their low
consistency.

It is significant that the use of chromosomal markers
reliably differentiates winter wheat cultivars depending on
their breeding status, whereas in the case of SNP genotyping,
these same cultivars are grouped together. As noted above,
this circumstance may be due to the difference in the type
of variability detected by SNP and chromosomal markers;
in other words, karyotypes of different origin may not differ
in the alleles of many genes (hence the high consistency of
SNP markers). It is possible that an increase in the number
of SNP markers will increase the resolution of this method
in discriminating the tested sample of cultivars by breeding
status. Nevertheless, the number of such markers already
exceeds by more than an order of magnitude the minimum
set of karyological characteristics sufficient for the success-
ful resolution of this problem, emphasizing the advantage of
the karyological method, especially with a limited number
of diagnostic features.
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Conclusion

The present study revealed a high potential of karyotyping
by constitutive heterochromatin in discrimination of modern
Russian cultivars of common wheat by the growth habit,
and isolation of their winter samples from landraces. At the
same time, the homogeneity of modern cultivars by the tested
karyological features is higher than that of landraces, and
that of winter cultivars is higher than that of spring cultivars.
The resulting classification reflects the preservation of high
similarity in the karyotypes of modern spring cultivars and
varietal populations of landraces, as well as weak distin-
guishability of the karyotypes of the latter, contrasting by
the growth habit. In connection with a more unambiguous
association of differential chromosome staining patterns with
the origin of cultivars, as well as their high evolutionary sta-
bility, it is assumed that the analysis of karyotypic variability
helps to form a more accurate idea of the differentiation of
wheat varietal sets according to this trait than when using
SNP markers that detect gene variability, especially with a
limited number of diagnostic characteristics.
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