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ABSTRACT

The total nuclear DNA amount (2C value) of 75 individuals of Krascheninnikovia
ceratoides s. 1. 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
populations. Diploids (2 = 18) and tetraploids (27 = 36) were revealed. In di-

loid 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
Republic 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

opulation 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. stt.

Keywords: chromosome number, cytotype, flow cytometry, genome size variation, 2C
nuclear DNA content, ploidy level

PE3IOME

Aowmonocosa M.H., ITankosa T.B., Kopoarox E.A., IITayso A.A., Ocvmona-
au B., Hukoann E.I'. Anaaus pasmepa renoma Krascheninnikovia ceratoides
s.l. (Amaranthaceae). O6ree koandectso aaeproit AHK (2C-value) 75 ocobeit
Krascheninnikovia ceratordes s. 1. 13 16 Oy ASIIIIL OLICHUBAAN METOAOM IIPOTOYHOMN
HI/ITOM@TEI/II/I. Cpeanee 3nauenne 2C Bo Bcex 00Opasiax koAebarocs o1 2,59 Ao
6,99 1r. Baamvocsase mMexkay obmunmu 3HadeHIAME 2C M YPOBHEM IIAOMAHOCTI
ObIAA OTKAAMOPOBAHA C FICIIOAB3OBAHIEM ITOACYETA XPOMOCOM B YETHIPEX ITO-
OyAAITHAX. DEIAN BBIABACHBI AUIIAOUABL (277 = 18) u Terpamaonast (277 = 36). V
AMITAOMAHBIX pacTeHui cpeanee saadenue 2C BappupoBaro ot 2,59 Ao 3,72 mr, y
TeTparrAonA0oB — ot 6,04 A0 6,99 nr. [TokazaHo, uTO pasMep reHoMa AMITAOHAOB
COCTABAfICT IIPUMEPHO IIOAOBHUHY pa3Mepa I€HOMA TETPAIAOHAOB. AHIIAOUABL
BBIABACHBI B cemn monyAfnuax u3 Openoyprckoit odbaactu, Pecybankn Trsa
(Poccns), Kesbiaopauackoit u Aamaraackoit obaacreii (Kasaxcran). Terparao-
HABI — B Bocbmu nonyAsnuax u3 Kasaxcrana, Openbyprexoit m HoBocubupcekoit
obaacreit, n3 pecrryoaux Aatait n Caxa (Akyrum). B Pecriybanke Xakacus Opraa
OOHAPYIKEHA OAHA CMEIIIAHHAS IOy AALINSA, IPEACTABACHHAA AU- I TCTPAITAOHA-
M. MBI He OOHAPYKIAH KAKOH-ANDO 3aKOHOMEPHOCTH B T€OrPadpU<¥ecKOM pac-
peAeAeHUN ABYX nuTOTUIOB. CyIeCTBEHHBIX MOP(OAOIMYECKUX PAZANYMI
MEKAY HIMH TAKAKE BEIABACHO HE OBIAO, UTO YKa3bIBACT HA IIPHHAAACKHOCTD BCEX
HCCAEAOBAHHBEIX OOPA3IIOB K Krascheninnifovia ceratoides s. stt.

KaroueBbIe CAOBA: IIPOTOYHAS IIUTOMETPHUSA, YUCAO XPOMOCOM, YPOBECHD IIAOMAHOCTH,
M3MEHYNBOCTD pasmepa reaoma, 2C coaepixanue aaepuoit AHK, murotnm

Krascheninnikovia ceratoides (L.) Gueldenst. s. 1. (Eurotia
ceratoides (1..) 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 Fastern Mongolia (Kamelin 2011).
Outside of this area, there are separate isolated refugia in
Western Asia (Turkey), in Western 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. 1. is protected as a steppe relic. In a number of Western
European countries, this species is indicated as a subject to
extinction (Pérez-Collazos & Catalan 2007).

Occupying a vast area in various climatic conditions,
K ceratoides s. 1. is characterized by high morphological vari-

ability. Some forms from this group were described as se-
parate species from the territory of Furasia. Along with
K. ceratoides, these are such as K. ewersmanniana (Stschegl. ex
Losinsk.) Grubov, K. arborescens (Losinsk.) Cherep., K. pun-
gens (Paziy) Podlech, K. compacta (Losinsk.) Grubov, K. lenensis
(Kumin.) Tzvelev, K. zntramongolica (H.C. Fu, J.Y. Yang,
S.Y. Zhao) Z.Y. Zhu, C.Z. Liang, W. Wang. In America, a
related species K. Janata (Pers) A. Meeusen et A. Smith is
common. Here and further, the names of species are given
as part of the genus Krascheninnikovia, even if they were
referred in a number of publications to the genera Eurotia
or Ceratoides.

Polyploidy is widespread among many groups of flo-
wering plants and plays an important role in their evolution
(Tate et al. 2005). Despite the commonness of this pheno-
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menon in many plant species, the intraspecific ploidy va-
riations are unknown for most species (Kolaf et al. 2017).
K. ceratoides s. 1. forms a polyploid complex in which three
cytotypes are known given in the literature under different
names. The diploid cytotype (27 = 18) was noted in the
Republic of Tyva (An'kova & Korolyuk 2017), Kazakhstan
(An’kova et al. 2020; Zakharieva & Soskov 1981, given as
K. ewersmanniana), China (Kurban 1984, as K. arborescens
and K. ewersmanniana). The tetraploid cytotype (27 = 306) is
known from the Republic of Altai (Lomonosova & Kras-
nikov 1993), Kazakhstan (An'kova et al. 2020) and China
(Kurban 1984, as K. latens ].F. Gmel. nom. illeg.). In Central
Europe and the Mediterranean, only tetraploid populations
have been found living in Austria (Dobes et al. 1997) and
Spain (Seidl et al. 2020). The rarer hexaploid cytotype (2#
= 54) is known from the Pamir 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 variability 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 Krascheninni-
kovia has increased based on the use of molecular methods.
Thus, Heklau & Réser (2008), based on the analysis of
ITS1-5.8 S-ITS2 genes and a review of some morphological
features on the material previously attributed to K. ceratoides,
K. ewersmanniana, K. lenensis, K. arborescens and K. lanata did not
confirm the separation of these taxa in the rank of species.
These authors combined all Eurasian species into one sub-
species K. ceratoides subsp. ceratoides, and American species
recognized as K. ceratoides subsp. lanata (Pursh) H. Heklau.
Later, a detailed phylogenetic and biogeographic analysis
was performed by Seidl et al. (2020, 2021) based on the use
of several sections of nuclear and chloroplast DNA, as well
as measurements of genome size (GS hereafter) and ploidy
level by flow cytometry on the material from Eurasia and
N America. The authors revealed low genetic variability of
the studied populations and confirmed the conclusions of
Heklau & Réser (2008) and also recognized the separation
of the two subspecies mentioned above. At the same time,
Pérez-Collazos & Catalan (2007) showed a sufficiently high
genetic variability of two tetraploid populations of K. cera-
toides from Spain by studying more variable DNA sections
by ISSR analysis. This analysis was also used by Wang et al.
(2015) for K. arborescens in China. It was found that K. arbo-
rescens possesses an unexpectedly high rate of genetic di-
versity 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 determine the level of ploidy in plants (Pellicer et al.
2021). The popularity of the method is associated with the
high speed and simplicity of the analysis of the material
compared to the direct counting of chromosomes in
metaphase plates on squashed preparations conducing
more analyses in a short time. Furthermore, this method
can be used on dried plant material (herbarium samples)

in some species (Suda & Travnicek 2006). This technique
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-
vided in these papers. Only the mean values of GS for all
diploids 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. stt.,
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.

MATERIAL AND METHODS

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
seedlings 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-
meter (Sysmex Partec, Germany) fitted with 532 nm green
lasetr. Solanum  lycopersicum “Stupicke polni rane” 2C =
1.96 pg) was used as internal standard (DolezZel et al. 2007).
The seeds of the standard were obtained from the Center
for Structural and Functional Plant Genomics of the Insti-
tute of Experimental Botany of the Academy of Sciences
of the Czech Republic, Olomouc-Holice. Sample prepara-
tion followed the two-step procedure using Otto buffers
(Dolezel et al. 2007). Leaf tissue of the studied plant and
standard was chopped with 500 pl of modified ice-cold
Otto I buffer (Otto 1992) complemented with 0.1 m citric
acid plus 0.5 % Triton X-100. The nuclear suspension was
filtered in a nylon membrane with a pore size of 42 um
and mixed with a staining solution consisting of 1 ml
Tris—MgCl, buffer (0.4 m Tris-base, 4 mm MgCl, X 6H,O)
with propidium iodide (50 ug/ml), RNase (50 pg/ml) and

184 Botanica Pacifica. A journal of plant science and conservation. 2024. 13(1): 183-187



Genome size in Krascheninnikovia ceratoides

Table 1. The studied populations, nuclear DNA content (2C, pg), DNA ploidy level and chromosome number of

Krascheninnikovia ceratoides s. 1. (No, number of analyzed plants)

ll:gp Voucher information No (m egrcl: iD 15\119’ pe) ( r%l?n}?rll\lai zg";g.%) D}iﬁ;ﬁ;ﬁ%ﬁ?l

LR e o g0 SLATTSN 5 3254002 323-3.280.77) ~2x

: By Orebug Rego g o e SLOON 4 sps0gs swasiasy <o

5 Kpobiven Kyl Rogon Asen D b GOSN 5 gty amamus)

s Kasakdoran, Almaty Region, Kopa vil, BOTSINTO2HE, 5 3750007 362378179 2/ 20— 18

5 o ek S, 43.334667°N 5 3444007 333-350(192)  2x/24=18

6 glesOSéajaRle ’Lllgljsch(;fﬂ"l(;ygg, “Arshaan”, 51.627583°N 94.435472°E, 5 3.580.09 3.47-3.71 (2.46) -2

7 ZRSSOSéaZ,&e ’%'ﬁsch(;il'gygjr, Begreda, 51.968611°N 94.333333°E, 5 33140.05 3.25-3.37 (1.61) - o

BRI s asa00m
the same population ) o 3 5.83+0.22 5.58-5.97 (3.77) ~ 4x

O TSI T 4 5833007 577-5.92(026) ~4x

10 ?;ﬁ%%ﬁj&g{’gf e 2'8%%(;9%5;%% valley, 51.534444°N 5 6074007 5.99-6.16 (0.36) ~ 4y

o T S019 Ao gy 571N 5 OO 6710062 dx/20=36

12 7R%%5122101N9?%0ilr)11’is(1)<vl:esglr(1)n, Antonovo, 54.091458°N 81.370428°E, 5 6.74+0.08 6.68-6.87 (0.37) ~ 4

13 5000 A Roroh b 1 oralyuls dzs 0 o Rulovka, 5 6683015 6.54-684 (074) ~dx

14 ZRF.SOS;?QONZBT%S}%;zﬁc};Er%isi;’sl.v[;yak’ >4.658825°N 83.100060°E, 5 (564004  6.53-6.62 (0.09) ~ 4x

15 ol IS‘;I’C‘II;’;SS’I%?%?“‘USW’ 50.07379°N 88.42228°E, 5 657017 637-6.82(1.86)  4x/ 21 =136

16 Russia, the Republic of Sakha (Yakutia), Orto-Doydu, 5 6.04+0.10 5.91-6.18 (0.71) ~ 4

61.775556°N 129.394722°E, 26.08.2019, E. Nikolin s. n.

B-mercaptoethanol (1 pl/ml) (DoleZel et al. 1998, Pfosser et
al. 1995, Skaptsov et al. 2017). For each sample atleast 10 000
nuclei were analyzed. Only histograms with coefficients
of variation (CV) for the GO/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 Glpeak mean) /
(Standard G1lpeak mean)|xStandard G1 peak mean value)]
(Dolezel & Bartos 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 one-way ANOVA to
analyze designs with a single categorical independent va-
riable (factor). The nonparametric Kruskal-Wallis test was
performed to illustrate vatiability of GS among the studied
populations.

Chromosome numbers were determined by direct
counting 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

RESULTS AND DISCUSSION

The total nuclear DNA amount (2C value) of 75 indivi-
duals of Krascheninnikovia ceratoides s. 1., 3—5 per population,

was assessed by flow cytometry according to the method
described in Dolezel et al. (2007) on the material from
16 populations from the north-eastern 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
Kazakhstan. To prove that GS allows reliable inference of
ploidy levels in Krascheninnikovia, we combined GS mea-
surements with chromosome numbers estimation in four
populations. 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
tetraploids with 27 = 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
2C-value varied from 2.53 to 3.78 pg, and the second group
— by tetraploids with 2C-value from 5.58 to 7.1 pg (Fig. 1A).

The analysis of variance (ANOVA) showed significant
differences among ploidy level. ANOVA one-way current
effect: F (16, 60) = 990.35, p = 0.0000. Effective hypothesis
decomposition, vertical bars denote 0.95 confidence intervals.

The GS of the studied accessionsin the most populations
have one ploidy level, except for pop. 8 from Khakassia.
This population consists of both diploids and tetraploids
individuals growing side by side (Fig. 1A). Co-occurrence
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of different cytotypes within populations of mixed-ploidy
species is common in plants (Kolar et al. 2017).

The mean 2C content is 3.32+0.32 pg in all diploids,
and 6.3820.42 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).
Inter-population differences in GS may be due to various
reasons including different geographical and environmental
conditions (Greilhuber 2005). In order to find out the
true causes of intra- and inter-population genome size va-
riability in K. ceratoides s. 1., 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
observed in seven populations from Orenburg Region,
Tyva, Kyzylorda and Almaty Regions. Tetraploids were
observed in eight populations from Kazakhstan, Orenburg

and Novosibirsk Regions, from Altai and Sakha (Yakutia)
Republics. One mixed population was found in the Khakas-
sia, represented by di- and tetraploids. We did not find any
regularity in the geographical distribution of the two cyto-
types. Our expert assessment of the morphological peculia-
rities of the samples did not reveal any significant differences
between the studied populations. This is especially true for
the shape and size of aleaf 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 distribution area, has also not been confirmed.

CONCLUSIONS

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 corres-

pondence to two cytotypes, di-

8 ploid and tetraploid, by means of
A B chromosome counts in four po-
’ & . 2 S pulations. The most studied po-
* e pulations were uniformly di- or

6 o g 8 § . . : .
) tetraploid, beside one mixoploid
5l population from the Republic
= of Khakassia in which two cy-
‘3"4 p totypes occur side by side. We
N s 8 g L 8 conclude that GS is a good tool

3 8 . .

° 8 for determining the ploidy level
2 within the genus Krascheninnikovia
and, most importantly, this me-
1t thod can be used in the analysis
of herbarium samples. This
%01 2 3 4 5 6 7 8 9 1011 12 1314 15 16 2x 4x makes possible the study in de-
Population number Ploidy level tail the geographical variability in

Figure 1 Genome size (2C) estimates for all individuals of 16 populations of Krascheninnikovia ceratoides
(L% Gueldenst. s. 1. (A) and Box-and-whisker plots demonstrating variation in genome size (2C,

Ig ceratoides as inferred from Kruskal Wallis analysis 53 .
5th percentiles, horizontal segments inside indicate medians.
indicate full range of GS variation. The population numbers correspond to the Table 1

in diploids (n=35) and tetragloids (n=41) of
Boxes define the 25th and

polyploid complexes and under-
stand their history and evolution.
iskers
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