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A B S T R A C T
The total nuclear DNA amount (2C value) of  75 individuals of  Krascheninnikovia 
ceratoides s. l. was assessed by flow cytometry in 16 populations. The mean 2C 
value in all samples ranged from 2.59 to 6.99 pg. The relationship between total 
2C values and ploidy level was calibrated using chromosome counting in four 
po pulations. Diploids (2n = 18) and tetraploids (2n = 36) were revealed. In di
ploid plants, mean 2C value varied between 2.59 to 3.72 pg, in tetraploids − from 
6.04 to 6.99 pg. The GS of  diploids is approximately half  the GS of  tetraploids. 
Diploids were observed in seven populations from the Orenburg Region and the 
Re public of  Tyva (Russia), Kyzylorda and Almaty Regions (Kazakhstan). Tetra
ploids were recorded in eight populations from Kazakhstan, Orenburg and No
vosibirsk Regions, from the Republics of  Altai and Sakha (Yakutia). One mixed 
population was found in the Republic of  Khakassia represented by di and tetra
ploids. We did not find any regularity in the geographical distribution of  the two 
cytotypes. The studied plants showed no significant morphological features of  
taxonomic value, therefore we consider all the samples belong to Krascheninnikovia 
ceratoides s. str. 
Keywords: chromosome number, cytotype, flow cytometry, genome size variation, 2C 
nuclear DNA content, ploidy level

Р Е З Ю М Е
Ломоносова М.Н., Панкова Т.В., Королюк Е.А., Шауло Д.А., Осмона-
ли Б., Николин Е.Г. Анализ размера генома Krascheninnikovia ceratoides 
s.l. (Amaranthaceae). Общее количество ядерной ДНК (2Сvalue) 75 особей 
Krascheninnikovia ceratoides s. l. из 16 популяций оценивали методом проточной 
цитометрии. Среднее значение 2C во всех образцах колебалось от 2,59 до 
6,99 пг. Взаимосвязь между общими значениями 2C и уровнем плоидности 
была откалибрована с использованием подсчета хромосом в четырех по
пуляциях. Были выявлены диплоиды (2n = 18) и тетраплоиды (2n = 36). У 
диплоидных растений среднее значение 2С варьировало от 2,59 до 3,72 пг, у 
тетраплоидов − от 6,04 до 6,99 пг. Показано, что размер генома диплоидов 
составляет примерно половину размера генома тетраплоидов. Диплоиды 
выявлены в семи популяциях из Оренбургской области, Республики Тыва 
(Россия), Кызылординской и Алматинской областей (Казахстан). Тетрапло
иды − в восьми популяциях из Казахстана, Оренбургской и Новосибирской 
областей, из республик Алтай и Саха (Якутии). В Республике Хакасия была 
обнаружена одна смешанная популяция, представленная ди и тетраплоида
ми. Мы не обнаружили какойлибо закономерности в географическом рас
пределении двух цитотипов. Существенных морфологических различий 
между ними также выявлено не было, что указывает на принадлежность всех 
исследованных образцов к Krascheninnikovia ceratoides s. str.
Ключевые слова: проточная цитометрия, число хромосом, уровень плоидности, 
изменчивость размера генома, 2C содержание ядерной ДНК, цитотип
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Krascheninnikovia ceratoides (L.) Gueldenst. s. l. (Eurotia 
cera toi des (L.) C.A. Mey., nom. illegit., Ceratoides papposa 
Botsch. et Ikonn., nom. illegit.) − a shrub, distributed main
ly in Middle and Central Asia. To the north, this species 
occurs in the steppes of  Eurasia from Romania, steppe 
islands of  Siberia and Eastern Mongolia (Kamelin 2011). 
Out side of  this area, there are separate isolated refugia in 
Wes tern Asia (Turkey), in Wes tern Europe (Spain and Aust
ria), and in North Africa (Egypt and Morocco). In some 
isolated areas in the northern part of  the range, K. ceratoides 
s. l. is protected as a steppe relic. In a number of  Western 
European countries, this species is in di cated as a subject to 
extinction (PérezCollazos & Catalán 2007).

Occupying a vast area in various climatic conditions, 
K ceratoides s. l. is characterized by high morphological vari

abi lity. Some forms from this group were described as se
pa rate species from the territory of  Eurasia. Along with 
K. cera toides, these are such as K. ewersmanniana (Stschegl. ex 
Lo sinsk.) Grubov, K. arborescens (Losinsk.) Cherep., K. pun
gens (Paziy) Podlech, K. compacta (Losinsk.) Grubov, K. lenensis 
(Ku min.) Tzvelev, K. intramongolica (H.C. Fu, J.Y. Yang, 
S.Y. Zhao) Z.Y. Zhu, C.Z. Liang, W. Wang. In America, a 
re lated species K. lanata (Pers) A. Meeusen et A. Smith is 
com mon. Here and further, the names of  species are given 
as part of  the genus Krascheninnikovia, even if  they were 
refer red in a number of  publications to the genera Eurotia 
or Ceratoides.

Polyploidy is widespread among many groups of  flo
we ring plants and plays an important role in their evolution 
(Tate et al. 2005). Despite the com mon ness of  this phe no
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menon in many plant species, the intra specific ploidy va
ria tions are unknown for most species (Kolář et al. 2017). 
K. cera toi des s. l. forms a polyploid complex in which three 
cyto types are known given in the literature under different 
names. The diploid cytotype (2n = 18) was noted in the 
Re pub lic of  Tyva (An'kova & Korolyuk 2017), Kazakhstan 
(An’ko va et al. 2020; Zakharieva & Soskov 1981, given as 
K. ewers man niana), China (Kurban 1984, as K. arborescens 
and K. ewers man niana). The tetraploid cytotype (2n = 36) is 
known from the Republic of  Altai (Lomonosova & Kras
ni kov 1993), Kazakhstan (An'kova et al. 2020) and Chi na 
(Kurban 1984, as K. latens J.F. Gmel. nom. illeg.). In Cent ral 
Europe and the Mediterranean, only tetraploid po pulations 
have been found living in Austria (Dobeš et al. 1997) and 
Spain (Seidl et al. 2020). The rarer hexaploid cytotype (2n 
= 54) is known from the Pa mir highlands (Zakharieva & 
Soskov 1981, given under the name K. latens). However, 
the vast majority of  these data was based on the analysis 
of  single or few samples from one population. Thus, the 
question of  intraspecific varia bi lity of  the ploidy level in 
K. ceratoides remains far from fully studied, as well as the 
cytogeography of  this polyploid complex. 

In recent years, the interest in the study of  Krasche nin ni
kovia has increased based on the use of  molecular methods. 
Thus, Heklau & Röser (2008), based on the analysis of  
ITS15.8 SITS2 genes and a review of  some morphological 
features on the material previously attributed to K. ceratoides, 
K. ewers manniana, K. lenensis, K. arborescens and K. lanata did not 
con firm the separation of  these taxa in the rank of  species. 
These authors combined all Eurasian species into one sub
spe cies K. ceratoides subsp. ceratoides, and American species 
re cognized as K. ceratoides subsp. lanata (Pursh) H. Heklau. 
Later, a detailed phylogenetic and biogeographic analysis 
was per formed by Seidl et al. (2020, 2021) based on the use 
of  se ve ral sections of  nuclear and chloroplast DNA, as well 
as mea su rements of  genome size (GS hereafter) and ploidy 
level by flow cytometry on the material from Eurasia and 
N Ame rica. The authors revealed low genetic variability of  
the stu died populations and confirmed the conclusions of  
Hek lau & Röser (2008) and also recognized the separation 
of  the two subspecies mentioned above. At the same time, 
PérezCollazos & Catalán (2007) showed a sufficiently high 
genetic variability of  two tetraploid populations of  K. ce ra
to ides from Spain by studying more variable DNA sec tions 
by ISSR analysis. This analysis was also used by Wang et al. 
(2015) for K. arborescens in China. It was found that K. ar bo
res cens possesses an unexpectedly high rate of  genetic di
ver sity in the studied area. Six populations were clustered 
into two main groups, a desert steppe group and a typical 
steppe group.

With the development of  flow cytometry methods 
(FCM hereafter), this approach has become widely used 
to deter mine the level of  ploidy in plants (Pellicer et al. 
2021). The popularity of  the method is asso ciated with the 
high speed and simplicity of  the ana ly sis of  the material 
compared to the direct counting of  chro mo somes in 
metaphase plates on squashed preparations con ducing 
more analyses in a short time. Furthermore, this me thod 
can be used on dried plant material (herbarium samples) 

in some species (Suda & Trávníček 2006). This tech nique 
has been successfully used in the analysis of  100 samples 
of  the genus Krascheninnikovia from various parts of  the 
range (Seidl et al. 2020). Two levels of  ploidy were iden
tified, diploids (with an average DNA content of  2C = 2.9 
± 0.2 pg) and tetraploids (2C = 5.6 ± 0.2 pg). ). Similar 
values of  GS were given by Seidl et al. (2021) – 2.8± 0.3 pg 
and 5.8± 0.2 pg, correspondingly. However, particular data 
on the DNA content in separate populations were not pro
vi ded in these papers. Only the mean values of  GS for all 
di ploids and tetraploids were indicated. Single data on the 
GS are available for samples from the Novosibirsk Region 
and the Republic of  Altai (Lomonosova et al. 2020). But 
the cytogeography of  the genus Krascheninnikovia has not 
been fully studied, as well as the independence of  the taxa 
already described in this polyploid complex. So, Aktayeva 
(1973), based on the analysis of  morphology and karyology 
of  the two most widely distributed and often recognized 
species in the rank, K. ceratoides and K. ewersmanniana, did not 
confirm the independence of  the latter species. At the same 
time, in the modern Flora of  China (Zhu et al. 2003), four 
species of  this genus are given, such as K. ceratoides s. str., 
K. ewersmanniana, K. arborescens, and K. compacta.

In this paper we set out (1) to obtain a novel information 
about plant nuclear DNA amount in 16 populations of  the 
genus Krascheninnikovia from Russia and Kazakhstan based 
on flow cytometry; (2) to complement, in some cases, 
these genome size estimates with determination of  the 
chromosome number in the same populations; (3) to show 
the possibility of  using herbarium samples to determine the 
ploidy level.

M A T E R I A L  A N D  M E T H O D S
The material for the study was collected in nature in 

2017–2021 in 16 populations in Kazakhstan and Russia 
(Table 1). The studied plants were prepared according to 
the standard method of  drying herbarium samples. Seeds 
from some plants were grown in the laboratory to produce 
seed lings and subsequent direct counting of  chromosomes. 
Herbarium vouchers are saved in the Herbarium of  the 
Central Siberian Botanical Garden SB RAS (NS).

The total content of  DNA in nuclei (2C value) of  the 
tested samples were estimated using Cy Flow Space cyto
me ter (Sysmex Partec, Germany) fitted with 532 nm green 
laser. Solanum lycopersicum ´Stupicke polni rane´ (2С = 
1.96 pg) was used as internal standard (Doležel et al. 2007). 
The seeds of  the standard were obtained from the Cen ter 
for Structural and Functional Plant Genomics of  the In sti
tute of  Experimental Botany of  the Academy of  Scien ces 
of  the Czech Republic, OlomoucHolice. Sample pre pa ra
tion followed the twostep procedure using Otto buffers 
(Do ležel et al. 2007). Leaf  tissue of  the studied plant and 
stan dard was chopped with 500 μl of  modified icecold 
Otto I buffer (Otto 1992) complemented with 0.1 m citric 
acid plus 0.5 % Triton X100. The nuclear suspension was 
fil tered in a nylon membrane with a pore size of  42 μm 
and mixed with a staining solution consisting of  1 ml 
Tris–MgCl2 buffer (0.4 m Trisbase, 4 mm MgCl2 × 6H2O) 
with propidium iodide (50 μg/ml), RNase (50 μg/ml) and 
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βmercaptoethanol (1 μl/ml) (Doležel et al. 1998, Pfosser et 
al. 1995, Skaptsov et al. 2017). For each sample at least 10 000 
nuclei were analyzed. Only histograms with coefficients 
of  variation (CV) for the G0/G1 peak of  the analyzed 
Krascheninnikovia sample below 5 % were considered. The 
sample 2C DNA (pg) content was calculated based on the 
values of  the G1 peak as follows: [(Sample G1peak mean) /
(Standard G1peak mean)]×Standard G1 peak mean value)] 
(Doležel & Bartoš 2005). 

The results obtained were processed using the program 
STATISTICA 64. For evaluating variance in 2C DNA con
tent of  the whole dataset, we used oneway ANOVA to 
analyze designs with a single categorical independent va
riable (factor). The nonparametric KruskalWallis test was 
performed to illustrate variability of  GS among the studied 
populations.

Chromosome numbers were determined by direct 
coun ting in the metaphase stage on root meristem of  
squash preparations. Seeds were germinated in Petri dishes 
at 25°C (day) and 16°C (night) on sterile sand. For pre
fixation treatment, the seedlings were kept for 2 hours at 
room temperature in 0.2 % colchicine solution (Radzhabli 
& Rud' 1972), fixed in acetic acid alcohol (3 : 1) and stained 
with acetogematoxilin according to Smirnov (1968). The 
chromosome complements were examined at Axioscope 
40 microscope using the AxioVision 4.8 software  

R E S U L T S  A N D  D I S C U S S I O N
The total nuclear DNA amount (2C value) of  75 in di vi

duals of  Krascheninnikovia ceratoides s. l., 3−5 per population, 

was assessed by flow cytometry according to the method 
de scribed in Doležel et al. (2007) on the material from 
16 po pu lations from the northeastern part of  the area. 
GS estimates of  the investigated samples are provided in 
Table 1. The mean 2C value or GS in K. ceratoides for all 
samples ranged from 2.59 pg in population 8 (“pop.” here 
and further, the numbers of  populations correspond to 
the table 1) from Khakassia, to 6.99 pg in pop. 11 from 
Ka zakh stan. To prove that GS allows reliable inference of  
ploidy levels in Krascheninnikovia, we combined GS mea
su re ments with chromosome numbers estimation in four 
po pulations. Two studied accessions revealed diploids with 
2n = 2x = 18 in pop. 4 (mean GS (2C = 3.72 pg) and in 
pop. 5 (mean GS 2C = 3.44 pg), and two accessions were 
tetra ploids with 2n = 4x = 36 in pop. 11 (mean GS 2C 
= 6.99 pg) and in pop.15 (mean GS 2C = 6.57 pg). Thus, 
the GS of  the diploids was approximately half  the GS of  
the tetraploids. Considering this, the GS (2C values) of  
all studied individuals in 16 populations were divided in 
two groups. The first group was formed by diploids with 
2Cvalue varied from 2.53 to 3.78 pg, and the second group 
− by tetraploids with 2Cvalue from 5.58 to 7.1 pg (Fig. 1A). 

The analysis of  variance (ANOVA) showed significant 
dif ferences among ploidy level. ANOVA oneway current 
effect: F (16, 60) = 990.35, p = 0.0000. Effective hypothesis 
de com position, vertical bars denote 0.95 confidence intervals.

The GS of  the studied accessions in the most populations 
have one ploidy level, except for pop. 8 from Khakassia. 
This population consists of  both diploids and tetraploids 
in dividuals growing side by side (Fig. 1A). Cooccurrence 

Table 1. The studied populations, nuclear DNA content (2C, pg), DNA ploidy level and chromosome number of  
Krascheninnikovia ceratoides s. l. (No, number of  analyzed plants)

Nr
pop Voucher information No 2С DNA  

(mean ± SD, pg)
2С DNA range  

(min-max (CV %)
DNA ploidy level 

/chromosome 
number 

1 Russia, Orenburg Region, Krasnoshchekovo, 51.4175°N 
57.14348°E, 7.10.2020, T.An’kova 219 5 3.25±0.02 3.23–3.28(0.77) ~ 2x

2 Russia, Orenburg Region, Orenburg nature reserve, 51.114806°N 
57.665917°E, 8.10.2020, T.An’kova 220 4 3.26±0.06 3.17–3.31 (1.96) ~ 2x

3 Kazakhstan, Kyzylorda Region, Aktan Batyr vil., 46.008333°N 
62.04944°E, 6.09.2019, B. Osmonali et al. 932a 3 2.94±0.15 2.79–3.08 (4.97) ~ 2x

4 Kazakhstan, Almaty Region, Kopa vil., 43.297083°N 76.230194°E, 
3.11.2019, T. An’kova 210 5 3.72±0.07 3.62–3.78 (1.79) 2x / 2n = 18

5 Kazakhstan, Almaty Region, Zailisk Alatau, 43.334667°N 
75.880556°E, 3.11.2019, T. An’kova 213 5 3.44±0.07 3.33–3.50 (1.92) 2x / 2n = 18

6 Russia, Republic of  Tyva, “Arshaan”, 51.627583°N 94.435472°E, 
22.08.2019, D. Shaulo 82 5 3.58±0.09 3.47–3.71 (2.46) ~ 2x

7 Russia, Republic of  Tyva, Begreda, 51.968611°N 94.333333°E, 
20.08.2019, D. Shaulo 84 5 3.31±0.05 3.25–3.37 (1.61) ~ 2x

8 Russia, Republic of  Khakassia, Abakan city, 54.960278°N 
92.4625°E, 24.08.2020, M. Lomonosova 1428 3 2,59±0,05 2,53–2.62 (1.91) ~ 2x
the same population 3 5.83±0.22 5.58–5.97 (3.77) ~ 4x

9 Kazakhstan, Kyzylorda Region, Ayteke bi vil., 46.035833°N 
62.226111°E, 6.09.2019, B. Osmonali et al. 931a 4 5,83±0,07 5,77–5.92 (0.26) ~ 4x

10 Russia, Orenburg Region, Donguz river valley, 51.534444°N 
55.106944°E, 5.10.2020, T.An’kova 216 5 6.07±0.07 5.99–6.16 (0.36) ~ 4x

11 Kazakhstan, Almaty Region, Kapshagay, 43.879917°N 
77.060389°E, 2.11.2019, T. An’kova 207 5 6.99±0.10 6.82–7.10 (0.62) 4x / 2n = 36

12 Russia. Novosibirsk Region, Antonovo, 54.091458°N 81.370428°E, 
7.08.2019, T. An’kova s. n. 5 6.74±0.08 6.68–6.87 (0.37) ~ 4x

13 Russia. Novosibirsk Region, 54.23071°N 82.81569°E, Kurilovka, 
24.07.2020, A. Korolyuk, E. Korolyuk 427 3 6.68±0.15 6.54–6.84 (0.74) ~ 4x

14 Russia. Novosibirsk Region, Mayak, 54.658825°N 83.100060°E, 
21.07.2020, N. Lashchinsky s. n. 5 6.56±0.04 6.53–6.62 (0.09) ~ 4x

15 Russia, Altai Republic, CheganUsun, 50.07379°N 88.42228°E, 
2.09.2019, I. Smelyansky s. n. 5 6.57±0.17 6.37–6.82 (1.86) 4x / 2n = 36

16 Russia, the Republic of  Sakha (Yakutia), OrtoDoydu,  
61.775556°N 129.394722°E, 26.08.2019, E. Nikolin s. n. 5 6.04±0.10 5.91–6.18 (0.71) ~ 4x
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of  different cytotypes within populations of  mixedploidy 
species is common in plants (Kolár et al. 2017).

The mean 2C content is 3.32±0.32 pg in all diploids, 
and 6.38±0.42 pg in all tetraploids. In diploid plants, mean 
2C value varied between 2.59 pg (pop. 8 in Khakassia) to 
3.72 pg  (pop. 4 in Kazakhstan), in tetraploids from 6.04 
pg (pop. 16 in Yakutia) to 6.99 pg (pop. 11 in Kazakhstan). 
Interpopulation differences in GS may be due to various 
rea sons including different geographical and environmental 
con ditions (Greilhuber 2005). In order to find out the 
true causes of  intra and interpopulation genome size va
riability in K. ceratoides s. l., it is necessary to conduct further 
analysis on a wider sample of  populations. In general, the 
data we obtained shows that GS is a reliable indicator for 
determining the ploidy level in K. ceratoides using herbarium 
material (Fig. 1B).

The geographic distribution of  two studied cytotypes 
of  K. ceratoides is shown in Fig. 2. In general, diploids were 
ob ser ved in seven populations from Orenburg Region, 
Tyva, Kyzylorda and Almaty Regions. Tetraploids were 
observed in eight populations from Kazakhstan, Orenburg 

and Novo si birsk Regions, from Altai and Sakha (Yakutia) 
Re pub lics. One mixed population was found in the Kha kas
sia, represented by di and tetraploids. We did not find any 
regularity in the geo graphical distribution of  the two cy to
types. Our expert assessment of  the morphological pe cu lia
rities of  the samples did not reveal any significant differences 
between the studied populations. This is especially true for 
the shape and size of  a leaf  blade, one of  the key taxonomic 
features in the genus Krascheninnikovia. A separate position 
of  the tetraploid K. lenensis, far extending the main part of  
its dis tri bution area, has also not been confirmed.

C O N C L U S I O N S
Nuclear DNA content (2C value) was correlated with 

ploidy level across 16 Krascheninnikovia ceratoides populations 
studied. Genome size and DNA ploidy level were reported 
for the first time from populations in the Republics of  Kha
kassia and Sakha (Yakutia) and from Orenburg Region. We 
confirmed the chromosome numbers and ploidy levels for 
K. ceratoides previously reported in Altai. We identified two 
separate groups of  DNA content and showed their cor res

pon dence to two cytotypes, di
ploid and tetraploid, by means of  
chromosome counts in four po
pu lations. The most stu died po
pu la tions were uniformly di or 
tetra ploid, beside one mixoploid 
po pulation from the Republic 
of  Khakassia in which two cy
to types occur side by side. We 
con clude that GS is a good tool 
for determining the ploidy level 
wi thin the genus Krascheninnikovia 
and, most importantly, this me
thod can be used in the analysis 
of  her ba rium samples. This 
makes pos si ble the study in de
tail the geo graphical variability in 
po ly ploid complexes and under
stand their history and evolution. 

A C K N O W L E D G E M E N T S
The study was carried out as 

part of  the Scientific Prog ram 
№ ААААА211210112900245 
of  the Central Si be rian Botanical 
Gar den SB RAS and supported 
by the Rus sian Foundation for 
Ba sic Research (grant 1904
00546). Chemical reagents for 
cyto met ry were partly obtained 
with the financial support of  the 
Rus sian Ministry of  Education 
and Science were financially sup
por ted by the Ministry of  Edu
ca tion and Science of  Russia un
der Agreement № 075152021
1056 of  September 28, 2021 
bet ween the BIN RAS and the 

Figure 1 Genome size (2C) estimates for all individuals of  16 populations of  Krascheninnikovia ceratoides 
(L.) Gueldenst. s. l. (A) and Boxandwhisker plots demonstrating variation in genome size (2C, pg) 
in diploids (n=35) and tetraploids (n=41) of  K. ceratoides as inferred from Kruskal Wallis analysis (B). 
Boxes define the 25th and 75th percentiles, horizontal segments inside indicate medians. Whiskers 
indicate full range of  GS variation. The population numbers correspond to the Table 1

Figure 2 Cytotype distribution of  the studied populations of  Krascheninnikovia ceratoides (L.) Gueldenst. 
s. l. (circle – diploid, square – tetraploid). The asterisk marks the mixoploid population
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Ministry of  Science and Higher Education of  the Russian 
Federation, also under Agreement № ЕП/2910214 of  
October 29, 2021 between BIN RAN and CSBG SB RAS. 
In preparing the publication, materials from the bioresource 
scientific collections of  the CSBG SB RAS UNU № USU 
440537 (NS) were used.
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