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Glyphosate treatment mediates the accumulation of small discrete 
5′- and 3′-terminal fragments of 18S rRNA in plant cells
A.V. Zhigailov , A.S. Nizkorodova, K.O. Sharipov, N.S. Polimbetova, B.K. Iskakov

M.A. Aitkhozhin Institute of Molecular Biology and Biochemistry of the Ministry of Science and Higher Education of the Republic of Kazakhstan,  
Almaty, Kazakhstan

  andrzhig@gmail.com

Abstract. Under many kinds of stress, eukaryotic cells rapidly decrease the overall translation level of the majority of mRNAs. 
However, some molecular mechanisms of protein synthesis inhibition like phosphorylation of eukaryotic elongation fac-
tor 2 (eEF2), which are known to be functional in animals and yeast, are not implemented in plants. We suggest that there 
is an alternative mechanism for the inhibition of protein synthesis in plant cells and possibly, in other eukaryotes, which 
is based on the discrete fragmentation of 18S rRNA molecules within small ribosomal subunits. We identified four stress-
induced small RNAs, which are 5’- and 3’-terminal fragments of 18S rRNA. In the present work, we studied the induction of 
18S rRNA discrete fragmentation and phosphorylation of the α-subunit of eukaryotic initiation factor 2 (eIF2α) in germi-
nated wheat embryos in the presence of glyphosate, which imitates the condition of amino acid starvation. Using northern 
and western blotting, we have shown that stress-induced 18S rRNA fragments started to accumulate in wheat embryos 
at glyphosate concentrations that did not evoke eIF2α phosphorylation. It was also found that cleavage of 18S rRNA near 
the 5’-terminus began much earlier than eIF2α phosphorylation, which became noticeable only at higher concentration 
(500 μM) of glyphosate. This result suggests that discrete fragmentation of 18S rRNA may constitute a regulatory mecha-
nism of mRNA translation in response to stress and may occur in plant cells in parallel with and independently of eIF2α 
phosphorylation. The identified small 5’- and 3’-terminal fragments of 18S rRNA that accumulate during various stresses 
may serve as stress resistance markers in the breeding of economically important plant crops.
Key words: wheat embryos; 18S rRNA; discrete fragmentation; 40S ribosomal subunits; glyphosate; eIF2α phosphorylation; 
stress; starvation.

For citation: Zhigailov A.V., Nizkorodova A.S., Sharipov K.O., Polimbetova N.S., Iskakov B.K. Glyphosate treatment  mediates 
the accumulation of small discrete 5’- and 3’-terminal fragments of 18S rRNA in plant cells. Vavilovskii Zhurnal Genetiki 
i  Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(2):93-98. DOI 10.18699/VJGB-23-13

Обработка глифосатом приводит к накоплению  
в клетках растений малых дискретных  
5′- и 3′-концевых фрагментов 18S рРНК
А.В. Жигайлов , А.С. Низкородова, К.О. Шарипов, Н.С. Полимбетова, Б.К. Искаков

Институт молекулярной биологии и биохимии им. М.А. Айтхожина Министерства науки и высшего образования Республики Казахстан, Алматы, Казахстан
  andrzhig@gmail.com

Аннотация. При многих видах стресса эукариотические клетки быстро снижают общий уровень трансляции боль-
шинства мРНК. Однако некоторые молекулярные механизмы ингибирования синтеза белка, такие как фосфорили-
рование эукариотического фактора элонгации трансляции (eEF2), функционируют у животных и дрожжей, но не 
реализуются у растений. Мы предполагаем, что существует альтернативный механизм ингибирования синтеза белка 
в клетках растений и, возможно, других эукариот, основанный на дискретной фрагментации молекул 18S рРНК вну-
три малых субъединиц рибосомы. Мы идентифицировали четыре малые РНК, индуцированные стрессом, которые 
представляют собой 5’- и 3’-концевые фрагменты 18S рРНК. В настоящей работе мы исследовали индукцию дискрет-
ной фрагментации 18S рРНК и фосфорилирование α-субъединицы эукариотического фактора инициации 2 (eIF2α) в 
проросших зародышах пшеницы в присутствии глифосата, имитирующего состояние аминокислотного голодания. 
Используя нозерн- и вестерн-блоттинг, мы показали, что индуцированные стрессом фрагменты 18S рРНК начинают 
накапливаться в зародышах пшеницы при концентрациях глифосата, не вызывающих фосфорилирования eIF2α. Так-
же установлено, что расщепление 18S рРНК вблизи 5’-конца начинается гораздо раньше, чем становится заметным 
фосфорилирование eIF2α при высокой концентрации глифосата (500 мкМ). Этот результат указывает на то, что дис-
кретная фрагментация 18S рРНК может представлять собой регуляторный механизм трансляции мРНК в ответ на 
стресс и происходить в растительных клетках параллельно с фосфорилированием eIF2α и независимо от него. Вы-
явленные 5’- и 3’-концевые малые фрагменты 18S рРНК, накапливающиеся при различных стрессах, могут служить 
маркерами стрессоустойчивости в процессе селекции хозяйственно важных культур растений.
Ключевые слова: зародыши пшеницы; 18S рРНК; дискретная фрагментация; 40S рибосомные субъединицы; 
глифосат; фосфорилирование eIF2α; стресс; голодание.

© Zhigailov A.V., Nizkorodova A.S., Sharipov K.O., Polimbetova N.S., Iskakov B.K., 2023

This work is licensed under a Creative Commons Attribution 4.0 License

МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ
Оригинальное исследование / Original article
 

Вавиловский журнал генетики и селекции. 2023;27(2):93-98
DOI 10.18699/VJGB-23-13



A.V. Zhigailov, A.S. Nizkorodova 
K.O. Sharipov, N.S. Polimbetova, B.K. Iskakov

94 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2023 • 27 • 2

Glyphosate treatment mediates the accumulation 
of fragments of 18S rRNA in plant cells

Introduction
Protein biosynthesis is a very energy-intensive process, 
so under stress conditions, the translation of most cellular 
mRNAs is inhibited in order to save energy and resources and 
to ensure preferential synthesis of stress proteins. Several mo-
lecular mechanisms of protein synthesis inhibition have been 
described in mammalian and yeast cells. One of these mecha-
nisms is the eukaryotic translation elongation factor 2 (eEF2) 
phosphorylation, which is carried out by a highly specific pro
tein kinase in response to a sharp decrease in cytosolic ATP 
concentration levels. Phosphorylation inactivates mammalian 
eEF2 by preventing it from binding to the ribosome (Ballard et 
al., 2021). However, plants do not exhibit endogenous kinase 
activity for eEF2 either under normal conditions (Smailov et 
al., 1993), or under stress (Gallie et al., 1998).

The second mechanism known in animals to reduce the level 
of mRNA translation is triggered under conditions of amino 
acid starvation and is mediated by eIF4E-binding pro teins 
(4E-BPs), which prevent eIF4E from binding to the m7G-
cap structure of mRNA (Hernandez et al., 2010). However, 
no clear homologs of these eIF4E-BPs have yet been found 
in plants (Echevarria-Zomeno et al., 2013), nor were any 
orthologues of the 4E-BPs genes found in plant genomes 
(Browning, Bailey-Serres, 2015).

Another important mechanism of eukaryotic protein syn-
thesis inhibition is the phosphorylation of the αsubunit of 
eukaryotic initiation factor 2 (eIF2α) by specific protein ki
nases. This process in mammalian and yeast cells leads to 
the blocking of GDP → GTP exchange protein eIF2B and to 
a sharp inhibition of the mRNA translation initiation (Baird, 
Wek, 2012). However, recycling of the ternary complex in 
plant cells can occur without the participation of eIF2B (Shai-
khin et al., 1992), and eIF2α phosphorylation in plant systems 
in vitro does not lead to strong inhibition of protein synthesis 
(Zhigailov et al., 2020). In addition, of the four protein kinases 
(mPKR, mHCR, mPERK, mGCN2) that phosphorylate the 
eIF2α in mammalian cells, only pGCN2kinase was found 
in plants, and the phosphorylation of eIF2α in plants is not a 
universal response to all stress types (Immanuel et al., 2012; 
Zhigailov et al., 2020).

Thus, the mechanisms of protein biosynthesis suppression 
due to the phosphorylation of translational factors, which are 
well described for mammals and yeast, are either used to a 
limited extent or are not realized at all in plant cells. We sug-
gest that another mechanism of protein synthesis inhibition 
can function in plants, which is triggered by certain abiotic and 
biotic stresses. In our understanding, this mechanism is associ-
ated with the cleavage at certain sites of the 18S rRNA as part 
of 40S ribosomal subunits (40S RS). Previously, we described 
the process of 18S rRNA cleavage, leading to 5′terminal frag-
ments formation of 132–134 nt. (Zhanybekova et al., 1996) 
and of 54–57 nt. (Zhigailov et al., 2014), as well as a 3′termi-
nal fragment of 100 nt. (Zhigailov et al., 2013). Our data are 
quite consistent with the data of full-transcriptome analysis, 
which showed that breaks in 28S-, 18S-, and 5.8S-rRNA do 
not occur randomly, but discretely, which leads to the fact that 
some fragments of ribosomal RNA are detected in the cell sig-
nificantly more often than other fragments (Chen et al., 2017).

The process of RNA cleavage is widely used by cells during 
the processing of ribosomal RNA from their precursor during 

ribosome biogenesis (Henras et al., 2015). In addition, in pro- 
and eukaryotic organisms, the mechanism of protein biosyn-
thesis suppression is realized due to the cleavage of the 28S 
rRNA molecule from the large (60S) ribosomal subunit along 
the sarcinricin loop with the cleavage of the 3′terminal Endo
rRNA-fragment (Endo, 1988). Toxins of plants (ricin, abrin, 
and modecin), fungi (αsarcin) and bacteria (Shiga toxin) act 
this way (Kast et al., 2014). Possibly similar endonucleases 
and/or glycosylases (that mediate abasic site formation as in 
the case of ribosome inactivating proteins, RIPs) are activated 
in plant cells during stress, but targeting 18S rRNA in 40S RS 
instead of 28S rRNA in 60S RS, and thus leading to temporary 
or permanent suppression of mRNA translation.

In this work, we have shown that in the case of glyphosate-
mediated amino acid starvation, when the only specific eIF2α 
kinase of plants (pGCN2-kinase) is activated, in addition to 
plant eIF2α phosphorylation, another protective mechanism 
is triggered in plant cells, namely, discrete fragmentation of 
18S rRNA. It was shown that the accumulation in plants of 
18S rRNA 5′terminal fragments of 75 nucleotides (75nt
5′18S) and 134 nucleotides (134nt5′18S) begins earlier than 
the activation of pGCN2 kinase and becomes noticeable at 
relatively low concentrations of glyphosate when plant eIF2α 
phosphorylation does not occur at all.

Materials and methods
Plant material and treatment. Wheat (Triticum aestivum L. 
cv. Kazakhstanskaya 10) seeds were sterilized in 70 % (v/v) 
ethanol for 2 min, then in 2 % (w/v) NaOCl for 20 min, and 
washed thoroughly with sterile water. Seeds were germinated 
at 26 ºС on sterile filter paper soaked in water. After 18 hours, 
viable embryos were isolated by spatula from swollen seeds 
and placed in 1 % glucose solution containing 50 U/ml penicil-
lin, 50 μg/ml chloramphenicol, and 50 μg/ml nystatin. After 
this, embryos were divided into equal portions (1 g), which 
were subjected to treatment with glyphosate (simulation of 
amino acid starvation) or without any additives (control). 

Synthesis of probes. DIG-labeling of de novo synthetized 
oligodeoxyribonucleotides 5′18S (5′ACAAGCATATGA 
CTACTGGCAGGATCAACCAGGTA) and 3′18S (5′CAA 
TGATCCTTCCGCAGGTTCACCTACGGAAACCT) 
was carried out using DIG Oligonucleotide 3′End Labeling 
Kit (Roche) according to the manufacturer’s manual. Probes 
(5′18SDIG and 3′18SDIG) were used for northern blotting.

Northern blotting. Total RNA was extracted from plant 
tissues with Tri-reagent (Sigma Aldridge) and analyzed on 
10 % PAGE with 8 M urea in Trisborate buffer (1xTBE: 
89 mM Tris-borate, 2 mM EDTA, pH 8.3). RNAs were blot-
ted to a nylon membrane (Roche) equilibrated in 0.1x TBE 
using a semi-dry blotter (Sci-Plas) at 250 mA for 30 min. 
The membrane was dried and irradiated with UV light for 
2 min at 10 mJ/cm2 in a crosslinker (UVP). Hybridization of 
DIG-labeled probes and subsequent chemiluminescent band 
detection was performed with DIG Luminescent Detection 
Kit for Nucleic Acids (Roche) according to the manufac-
turer’s procedure. The hybridization temperature was 55 °C. 
Anti-Digoxigenin-AP Fab fragment conjugates (Roche) were 
used to detect bound DIG-labeled probes. The blots were 
developed using a commercial alkaline phosphatase substrate 
CSPD (Roche). 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
and immunoblotting. Frozen embryos were ground to 
a powder in a mortar and then homogenized in Laemmli 
sample buffer (Laemmli, 1970). Proteins were separated by 
12.5 % SDS-PAGE with 0.1 % SDS. The separated proteins 
were transferred to a nitrocellulose membrane (GVS) that 
was afterwards stained with Ponceau S (Sigma-Aldrich). The 
antibodies against human phosphoeIF2α (S51) produced in 
rabbit (CellSignaling Technology, 1:1000) were used for the 
immune-detection of phosphorylated T. aestivum (Ta) eIF2α 
(TaeIF2(αP)). Then horseradish peroxidaseconjugated anti
rabbit secondary antibodies produced in donkey (ECL, 1:2000 
dilution) were used.

Results
The effect of glyphosate concentration on 18S rRNA frag
mentation in wheat embryos. Since the mechanisms of 
mRNA translation inhibition mediated by 4E-BPs and eEF2K 
are not implemented in plants, it is believed that the main 
response in plants to amino acid starvation is eIF2α phos-
phorylation with pGCN2 kinase (Zhang et al., 2008). To test 
whether the process of discrete fragmentation of 18S rRNA 
is also induced under these conditions, the herbicide glypho-
sate was used. Glyphosate targets 5-enolpyruvoylshikimate 
3-phosphate synthase, which catalyzes the key penultimate 
reaction in the shikimate pathway (Padgette et al., 1995). 
Therefore, it inhibits the synthesis of many aromatic plant 
metabolites including the amino acids tryptophan, tyrosine, 
and phenylalanine and leads to pGCN2 kinase activation 
and phosphorylation of the plant eIF2α (Zhang et al., 2008). 
Germinated wheat embryos were treated with glyphosate at 
various concentrations, after which the content of 18S rRNA 
small fragments and the phosphorylation status of TaeIF2α 
were assessed in their cells. The results are present in Figure 1. 

Phosphorylation of TaeIF2α becomes noticeable only at 
relatively high concentrations (0.5 and 5 µM) of glyphosate 
(tracks 4 and 5 on Fig. 1, d; right panel), at which wheat 
embryos stopped to grow (variants 4 and 5 on Fig. 1, a). The 
appearance of 3′terminal fragments 100nt3′18S and 70nt
3′18S was observed at the same concentrations of gly phosate 
(tracks 4 and 5 on Fig. 1, c; right panel). At the same time, 
5′terminal fragments of 18S rRNA, 134nt5′18S and 75nt
5′18S, began to accumulate in noticeable amounts even at 
very low concentrations (5 µM) of glyphosate (see Fig. 1, b). 
The results of semi-quantitative optical densitometry analysis 
for this experiment are presented in Table 1. Since the 134nt- 

5′18S fragment can be a precursor of 75nt5′18S, and the 
100nt3′18S fragment can act as a precursor for 70nt 3′18S, 
it is reasonable to estimate the sum of these small 18S rRNA 
fragments.

The dynamics of glyphosate influence on 18S rRNA frag-
mentation in wheat embryos. Then, we assessed how quickly 
wheat embryos respond to glyphosate treatment by measuring 
the time dependence of TaeIF2α phosphorylation and of dis-
crete fragmentation of 18S rRNA. For this, a gly phosate con-
centration of 500 µM was chosen, which induced quite ef-
fective phosphorylation of TaeIF2α, as well as a significant 
increase in the content of 18S rRNA small fragments: 134nt
5′18S, 75nt5′18S, 100nt3′18S and 70nt3′18S (see Fig. 1, 
Table 1). The results of the experiment are shown in Figure 2.

The results of semi-quantitative optical densitometry analy-
sis of the data presented in Figure 2 are shown in Table 2.

Data presented in Figure 2 and Table 2 show that TaeIF2α 
phosphorylation begins 45 min after the start of glyphosate 
treatment (a faintly visible band on track 4 on Fig. 2, c; right 
panel), and TaeIF2αP becomes quite noticeable after 60 min 
of such treatment (track 5 in Fig. 2, c; immunoblot). 

The 3′terminal fragmentation of 18S rRNA is observed 
after 3 hours after the start of glyphosate treatment: fragments 
100nt3′18S and 70nt3′18S become detectable as faintly 
 visible bands on track 7 of Figure 2, b (right panel). The 
amount of these 3′coterminal fragments is significantly lower 
than after 10 hours of the same treatment with glyphosate 
(compare with track 4 on Fig. 1, c; right panel).

As for fragmentation from the 5′terminus of 18S rRNA, 
the amount of both 5′coterminal fragments, 134nt5′18S 
and 75nt5′18S, is significantly increased as early as by the 
15th min after the start of treatment of wheat embryos with 
glyphosate (see Fig. 2, a; right panel). Notably, the amount 
of the fragment 134nt5′18S is higher than that of 75nt5′18S 
fragment during 30–45 min of incubation with glyphosate. 
By 60 min of incubation their amounts become almost equal 
and after that, the amount of 75nt5′18S fragment becomes 
higher (by 90 min) and even obviously prevalent by 180 min 
(see Fig. 2, a; right panel). Similar interrelation can be seen 
in Figure 1, b (right panel) regarding the applied concentra-
tions of glyphosate. 

These observations suggest that cleavage at 134th nucleo-
tide may happen more quickly and this site is more susceptible 
at the beginning of stress. The cleavage site at 75th nucleotide 
becomes more prevalent with an increase of stress duration 
and severity. The cleavage sites at the 3′terminal segment 
of 18S rRNA occur only at very high severity and duration 
of stress. Therefore, there seemingly exist several different 
mechanisms for the cleavage at 5′ and 3′termini of 18S 
rRNA, which may result in several different consequences 
for the functioning of 40S RS.

Discussion
No phosphorylation of eIF2α was observed in plants under 
osmotic and oxidative stresses (Lageix et al., 2008), heat 
shock (Gallie et al., 1997; Echevarria-Zomeno et al., 2013) 
and during unfolded protein response in plants (Kamauchi et 
al., 2005). At the same time, during these stresses a significant 
decrease in the translation level of most mRNAs is observed 
with exception only for those templates that are responsible 
for the synthesis of stress proteins (Altschuler, Mascarenhas, 
1982; Ruberti et al., 2015). Most likely, in plants, other me-
chanisms of protein biosynthesis suppression are realized, 
than eIF2α phosphorylation (Yu et al., 2021). In addition, 
eIF2α phosphorylation is not the only possible mechanism of 
response to some types of stress in different eukaryotic cells. 
For example, when yeast cells are exposed to harsh ultraviolet 
light, phosphorylation of eIF2α is observed, as well as a sup-
pression of the overall level of protein synthesis. However, 
inhibition of mRNA translation upon exposure to UV light 
occurs even in cells containing a mutant form of eIF2α that is 
not capable of phosphorylation (Knutsen et al., 2015). 

We postulate that the process of discrete fragmentation 
of 18S rRNA observed under glyphosate mediated amino 
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Table 1. Optical densitometry analysis for assessing the 18S rRNA fragments in wheat embryos  
following treatment with glyphosate at various concentrations

Glyphosate  
concentration, 
μM 

Normalized signal

S(134nt-5’18S) /  
S(5S RNA)

S(75nt-5’18S) /  
S(5S RNA)

S(134nt-5’18S + 75nt-5’18S) / 
S(5S RNA)

S(100nt-3’18S) / 
 S(5S RNA)

S(70nt-3’18S) /  
S(5S RNA)

S(100nt-3’18S + 70nt-3’18S) / 
S(5S RNA)

0 0.14 ± 0.01 0.28 ± 0.07 0.42 ± 0.07 0.15 ± 0.01 0.17 ±0.03 0.33 ± 0.03

5 0.29 ± 0.04* 0.8 ± 0.15* 1.1 ± 0.15* 0.19 ± 0.03 0.19 ± 0.02 0.38 ± 0.05

50 0.44 ± 0.1** 0.78 ± 0.12* 1.2 ± 0.1** 0.25 ± 0.04 0.27 ± 0.03 0.52 ± 0.06

500 0.2 ± 0.02* 0.9 ± 0.19* 1.1 ± 0.19* 0.8 ± 0.1** 0.58 ± 0.09* 1.4 ± 0.2**

5000 0.2 ± 0.02 1.18 ± 0.21* 1.4 ± 0.2** 1.2 ± 0.1** 0.86 ± 0.15* 2.01 ± 0.18**

Here and in Table 2: * p < 0.05; ** p < 0.001 (when compared with control). Densitometry analysis was performed using “ImageJ 1.42q” software.

Fig. 1. The effect of glyphosate on TaeIF2α phosphorylation and 18S rRNA fragmentation in germinated wheat embryos.  
a, The appearance of wheat embryos exposed to different concentration of glyphosate; b, Northern blot analysis using 
5’18S-DIG probe (right panel). Left panel – ethidium bromide stained PAA-gel; c, Northern blot analysis using 3’18S- DIG 
probe (right panel). Left panel – ethidium bromide stained PAA-gel; d, Phosphorylation status of TaeIF2α in wheat em bryos. 
Presented are the membrane stained with Ponceau S (left panel) and blot-membrane developed using anti-HseIF2(αP) anti-
bodies (right panel).
For all variants, embryos were first germinated at 26 °C for 18 h and then incubated at 26 °C for 10 h in the absence or presence of 
glyphosate at the following concentration: 1 – 0 μM (control); 2 – 5 μM; 3 – 50 μM; 4 – 0.5 µM; 5 – 5 µM. L – Low Range ssRNA ladder; 
M – PageRuler Plus Protein Ladder. 
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acid starvation may lead to a decrease in the level of mRNA 
translation. This molecular mechanism can be realized in 
parallel with the known mechanism of translational re-
gulation mediated by eIF2α phosphorylation and indepen 
dently of it. 

Understanding the molecular mechanisms of plant adap-
tation to stresses can make it possible to increase the efficien
cy of breeding work to obtain genetic lines and varieties of 
economically important plant species that are characterized 
by increased resistance to certain stresses.
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Fig. 2. The dynamics of glyphosate action on the TaeIF2α phosphorylation and 18S rRNA fragmentation in ger-
minated wheat embryos. a, Northern blotting analysis (right panel) using 5’18S-DIG probe. Left panel – ethidium 
bromide stained PAA-gel; b, Northern blotting analysis (right panel) using 3’18S-DIG probe. Left panel – ethi dium 
bromide stained PAA-gel; c, Phosphorylation status of TaeIF2α in wheat embryos exposed to glyphosate treat-
ment. Presented are the membrane stained with Ponceau S (left panel) and blot-membrane developed using 
anti-HseIF2(αP) antibodies (right panel).
The embryos were first germinated at 26 °C for 18 h and then incubated at 26 °C in the presence of 0.5 µM glyphosate 
during the following periods: 1 – 0 min; 2 – 15 min; 3 – 30 min; 4 – 45 min; 5 – 60 min; 6 – 90 min; 7 – 180 min. L – Low 
Range ssRNA ladder; M – PageRuler Plus Protein Ladder. 

Table 2. Densitometry analysis for assessing the 18S rRNA fragments in wheat embryos  
treated with 500 μM glyphosate for different time periods

Time, min Normalized signal

S(134nt-5’18S) /  
S(5S RNA)

S(75nt-5’18S) /  
S(5S RNA)

S(134nt-5’18S + 75nt-5’18S) / 
S(5S RNA)

S(100nt-3’18S) / 
 S(5S RNA)

S(70nt-3’18S) /  
S(5S RNA)

S(100nt-3’18S + 70nt-3’18S) / 
S(5S RNA)

0 0.23 ± 0.02 0.17 ± 0.01 0.81 ± 0.02 0.08 ± 0.01 0.09 ± 0.01 0.17 ± 0.01

15 0.85 ± 0.14* 0.93 ± 0,01** 3.54 ± 0.1** 0.08 ± 0.01 0.1 ± 0.01 0.19 ± 0.01

30 1.84 ± 0.28** 1.45 ± 0.06** 6.5 ± 0.34** 0.08 ± 0.01 0.12 ± 0.01 0.2 ± 0.02

45 2.4 ± 0.35** 1.3 ± 0.06** 7.3 ± 0.4** 0.08 ± 0.01 0.12 ± 0.02 0.19 ± 0.03

60 2.4 ± 0.46** 3.25 ± 0.4** 11.1 ± 0.8** 0.07 ± 0.01 0.09 ± 0.01 0.16 ± 0.02

90 1.42 ± 0.29* 3.7 ± 0.24** 10.0 ± 0.5** 0.09 ± 0.01 0.13 ± 0.02 0.22 ± 0.03

180 1.06 ± 0.25* 8,0 ± 1.16** 18.0 ± 1.3** 0.33 ± 0.5** 0.22 ± 0.03* 0.55 ± 0.06**

L

L

M M

L

L

nt

nt

1000

1000

500

500

300

300

150

150

80

80

50

50

5.8S rRNA

5.8S rRNA

134nt-5’18S

100nt-3’18S

70nt-3’18S

TaeIF2α(P)

75nt-5’18S

Blot (anti-HseIF2α(P))Membrane (Ponceau S)

5S rRNA

5S rRNA

tRNAs

tRNAs

1

1

1

a

b

c

1

1

1

2

2

2

2

2

2

3

3

3

3

3

3

4

4

4

4

4

4

5

5

5

5

5

5

6

6

6

6

6

6

7

7

7

7

7

7

Blot (5’18S-DIG)

Blot (3’18S-DIG)

PAA-gel

PAA-gel



A.V. Zhigailov, A.S. Nizkorodova 
K.O. Sharipov, N.S. Polimbetova, B.K. Iskakov

98 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2023 • 27 • 2

Glyphosate treatment mediates the accumulation 
of fragments of 18S rRNA in plant cells

Conclusion
This paper presents data indicating that in plant cells the imi-
tation of amino acid starvation induces, in addition to eIF2α 
phosphorylation, another cellular response that involves the 
cleavage of the 18S rRNA molecule with the formation of 
discrete 5′ and 3′terminal fragments. At the same time, 
3′terminal fragments of 18S rRNA appear only at lethal 
concentrations of glyphosate and after a prolonged period of 
stress (3 hours or more). In contrast, 5′terminal fragments of 
18S rRNA began to accumulate in wheat embryos at relatively 
low glyphosate concentrations, at which wheat embryos could 
continue development, and already 15 min after the start of 
glyphosate treatment. Thus, the process of 18S rRNA frag-
mentation in wheat embryo 40S RS is triggered even under 
conditions where eIF2α phosphorylation does not occur. We 
suggest that such cleavage of the 18S rRNA molecule, which 
is activated during amino acid starvation, may result in either 
global or selective suppression of mRNA translation.
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Abstract. Meiotic crossing over is the main mechanism for constructing a new allelic composition of individual chromo-
somes and is necessary for the proper distribution of homologous chromosomes between gametes. The parameters of 
meiotic crossing over that have developed in the course of evolution are determined by natural selection and do not fully 
suit the tasks of selective breeding research. This review summarizes the results of experimental studies aimed at increasing 
the frequency of crossovers and redistributing their positions along chromosomes using genetic manipulations at different 
stages of meiotic recombination. The consequences of inactivation and/or overexpression of the SPO11 genes, the pro-
ducts of which generate meiotic double-strand breaks in DNA, for the redistribution of crossover positions in the genome 
of various organisms are discussed. The results of studies concerning the effect of inactivation or overexpression of genes 
encoding RecA-like recombinases on meiotic crossing over, including those in cultivated tomato (Solanum lycopersicum L.) 
and its interspecific hybrids, are summarized. The consequences of inactivation of key genes of the mismatch repair system 
are discussed. Their suppression made it possible to significantly increase the frequency of meiotic recombination between 
homeologues in the interspecific hybrid yeast Saccharomyces cerevisiae × S. paradoxus and between homologues in ara-
bidopsis plants (Arabidopsis thaliana L.). Also discussed are attempts to extrapolate these results to other plant species, in 
which a decrease in reproductive properties and microsatellite instability in the genome have been noted. The most signifi-
cant results on the meiotic recombination frequency increase upon inactivation of the FANCM, TOP3α, RECQ4, FIGL1 cross-
over repressor genes and upon overexpression of the HEI10 crossover enhancer gene are separately described. In some 
experiments, the increase of meiotic recombination frequency by almost an order of magnitude and partial redistribution 
of the crossover positions along chromosomes were achieved in arabidopsis while fully preserving fecundity. Similar results 
have been obtained for some crops.
Key words: meiosis; DNA; reparation; recombination; crossing over; plant breeding.
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Аннотация. Мейотический кроссинговер является основным механизмом конструирования нового аллельного со-
става индивидуальных хромосом и необходим для равнозначного распределения гомологичных хромосом между 
гаметами. Сложившиеся в ходе эволюции параметры мейотического кроссинговера определены естественным от-
бором и не полностью соответствуют задачам селекционных исследований. В настоящем обзоре суммированы ре-
зультаты экспериментальных работ, направленных на повышение частоты кроссоверов и перераспределение их 
позиций вдоль хромосом с помощью генетических манипуляций на разных этапах мейотической рекомбинации. 
Обсуждаются последствия инактивации и/или сверхэкспрессии генов SPO11, продукты которых генерируют мейо-
тические двуцепочечные разрывы в ДНК, для перераспределения позиций кроссоверов в геноме различных орга-
низмов. Обобщены результаты исследований по влиянию инактивации или сверхэкспрессии генов RecA-подобных 
рекомбиназ на мейотический кроссинговер, в том числе у культурного томата (Solanum lycopersicum L.) и его меж-
видовых гибридов. Обсуждаются последствия инактивации ключевых генов системы мисмэтч-репарации. Их по-
давление позволило достоверно повысить частоту мейотической рекомбинации между гомеологами у межвидово-
го гибрида дрожжей Saccharomyces cerevisiae × S. paradoxus и между гомологами у растений арабидопсиса (Arabidop sis 
thaliana L.). Рассматриваются попытки экстраполировать эти результаты на другие виды растений, у которых отмече-
ны снижение репродуктивных свойств и микросателлитная нестабильность в геноме. Отдельно описаны наиболее 
значимые результаты по увеличению частоты мейотической рекомбинации при инактивации генов-репрессоров 
кроссинговера FANCM, TOP3α, RECQ4, FIGL1 и при сверхэкспрессии гена-энхансера кроссинго вера HEI10. В некоторых 
экспериментах удалось практически на порядок повысить частоту мейотической рекомбинации и частично пере-
распределить позиции кроссоверов вдоль хромосом при полном сохранении плодовитости у арабидопсиса. Сход-
ные результаты были получены для некоторых сельскохозяйственных культур.
Ключевые слова: мейоз; ДНК; репарация; рекомбинация; кроссинговер; селекция.
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Control of meiotic crossing over  
in plant breeding

Introduction
Meiosis is a cell division underlying sexual reproduction, 
which allows species to maintain a stable set of chromosomes 
in a number of generations due to the proper segregation of 
homologous chromosomes in prophase I of meiosis. At the 
same time, meiosis is also a source of genetic variability, 
which forms due to the recombination of whole chromosomes, 
the exchange of regions between homologous chromosomes 
 during crossing over, and conversion events between unpaired 
nucleotide bases at the site of repair of programmed double-
strand breaks (DSBs) in DNA (Mercier et al., 2015).

The entire traditional scheme of selective breeding of plant 
varieties and hybrids is based on the use of meiotic crossing 
over as the main mechanism for creating chromosomes with 
new combinations of alleles that are transmitted to offspring 
(Zhuchenko, Korol, 1985). The indispensability of meiotic 
crossing over for selective breeding is evident in the intro-
gression of individual economically valuable genes from 
the chromosomes of wild species into the chromosomes of 
cultivated plants (De Muyt et al., 2009). Gaining control over 
the distribution of meiotic crossing over points and over the 
frequency of crossover exchanges will allow to construct a 
new allelic composition of chromosomes more effectively 
(Wijnker, de Jong, 2008; Lambing et al., 2017; Blary, Jen-
czewski, 2019). 

The relevance of the study of meiotic crossing over is em-
phasized by many scientific reviews devoted to general issues 
of meiosis (Kleckner, 1996; Harrison et al., 2010; Osman et al., 
2011; Crismani et al., 2013), meiotic recombination (Mézard 
et al., 2007; De Muyt et al., 2009; Gray, Cohen, 2016; Blary, 
Jenczewski, 2019; Bogdanov, Grishaeva, 2020), metabolic 
pathways, and crossover mechanisms (Mézard et al., 2007, 
2015; De Muyt et al., 2009; Mercier et al., 2015; Gray, Cohen, 
2016; Wang, Copenhaver, 2018; Bogdanov, Grishaeva, 2020), 
genetic control of meiotic division (Mercier et al., 2015; Gray, 
Cohen, 2016; Simanovsky, Bogdanov, 2018), identification 
and functional analysis of genes involved in meiosis (Mercier 
et al., 2015), epigenetic control over meiotic recombination 
(Yelina et al., 2015; Taagen et al., 2020), and the effect of 
ploidy on meiotic recombination (De Muyt et al., 2009; 
 Lambing et al., 2017). Unlike previously published review 
articles, this review is devoted to practical issues of control-
ling the frequency and distribution of crossover exchanges 
between homologous chromosomes during meiosis in plants.

The role of meiotic crossing over  
in evolution and selection
Modern views on the molecular mechanisms of crossing over 
in meiosis are detailed in a number of previously published 
scientific literature reviews (Mercier et al., 2015; Mézard et 
al., 2015; Gray, Cohen, 2016; Wang, Copenhaver, 2018). The 
historical retrospective of the development of the theory of 
meiotic recombination of chromosomal DNA based on DSB 
repair and the experimental discovery of the “core” set of pro-
teins: SPO11, RAD51, ZMM complex and others responsible 
for meiotic crossing over in most eukaryotes is presented in 
detail in a recent review by Yu.F. Bogdanov and T.M. Gri-
shaeva (2020). Therefore, in this article, let us briefly note that 
meiotic crossing over is controlled by meiosis-specific genes, 

namely, meiotic recombination genes (Youds, Boulton, 2011; 
Bogdanov, Grishaeva, 2020). These genes are usually sup-
pressed in somatic cells that divide by mitosis. The transition 
of diploid cells from division by mitosis to division by meiosis 
occurs as a result of acts of negative regulation, since the genes 
initiating meiosis turn off the genetic program of mitosis, and 
then the previously silent genetic program of meiosis is turned 
on (Turner, 2007; Bogdanov, Grishaeva, 2020).

In flowering plants, meiotic crossing over occurs in specia-
lized cells (microsporocytes and megasporocytes) and consists 
of successive processes, including the creation of programmed 
DSBs in DNA and their repair by the mechanism of homo-
logous recombination with the preferred use of a homologous 
chromosome as a template. Crossover products are crossover 
chromosomes that carry new combinations of allelic variants 
of genes (Mieulet et al., 2018).

The site of crossover exchange manifests itself in the form 
of a crossing between chromosomes observable under a mi-
croscope, called chiasm. In addition to crossover exchange, 
chiasmata also perform a structural or mechanical function: 
they hold chromosomes in the form of bivalents during the 
prophase and metaphase I of meiosis; as a result, it is the bi-
valents, and not individual chromosomes, that line up on the 
equator of the division spindle in metaphase I, which creates 
an opportunity for segregation of homologous chromosomes 
in the first division of meiosis and cell haploidization (Bog-
danov, Grishaeva, 2020).

It is known that many cellular proteins required for DSB 
repair in the DNA of somatic cells are also involved in meiotic 
crossing over. However, their functions may change depending 
on localization, post-translational modifications, and/ or inter-
actions with meiosis-specific proteins (Villeneuve, Hillers, 
2001). This means that at some point in evolution, crossing 
over deviated from the function of repairing only somatic 
damage and acquired a function specific to meiosis. Therefore, 
meiotic crossing over is an evolutionary adaptation of somatic 
repair functions for successful sexual reproduction during the 
transition from the diploid to haploid phase of the life cycle. 
It is assumed that the evolutionarily established parameters 
of meiotic crossing over are regulated by natural selection to 
maintain the maximum adaptability of organisms to changing 
environmental conditions in a series of sexual generations 
(Zhuchenko, Korol, 1985; Wijnker, de Jong, 2008). From this 
point of view, the parameters of the evolutionarily established 
mechanism of meiotic crossing over can limit the selection 
process, which requires the creation of maximum genetic 
diversity among sexual offspring, even to the detriment of 
adaptability to natural habitat conditions.

The frequency of occurrence of crossovers and their dis-
tribution along chromosomes are the determining factors 
promoting the new and selectable genetic variability in meiosis 
(Zhuchenko, Korol, 1985; Wijnker, de Jong, 2008). Many 
studies have shown that the position of meiotic crossovers 
along chromosomes is non-random, strictly predetermined, 
non-uniform, and does not depend on genome size (Mercier 
et al., 2015; Mézard et al., 2015; Lambing et al., 2017; Wang, 
Copenhaver, 2018; Blary, Jenczewski, 2019). 

According to widespread belief, there are three conceptual 
levels of regulation of the frequency and distribution of cross-
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overs: obligatory crossover exchange in bivalent (crossover 
insurance), crossover interference, and crossover homeostasis 
(Simanovsky, Bogdanov, 2018; Bogdanov, Grishaeva, 2020). 
A possible reason for the obligatory crossover exchange in 
each bivalent is the mechanical function of the chiasmata 
(Roeder, 1997). The interference provides a nonrandom distri-
bution of crossovers along the chromosome and their location 
at a greater distance from one another than is expected in case 
of a random distribution if there is more than one crossover 
per bivalent (Jones, Franklin, 2006). 

Crossover homeostasis is the ability of meiotic cells to 
maintain the level of the number of crossovers per chromo-
some inherent in a given biological species, even if the number 
of DSBs decreases by an order of magnitude (Bogdanov, 
Grishaeva, 2020). In particular, in budding yeast (Saccharo-
myces cerevisiae (Desm.) Meyen ex E.C. Hansen), a fivefold 
decrease in the number of DSBs per cell was achieved, but 
the number of crossovers remained normal and unchanged 
(Martini et al., 2006). In the latter case, it is unclear whether 
this rule is true for all organisms. For example, in male house 
mice (Mus musculus), a 20–50 % decrease in the number of 
DSBs does not lead to a decrease in the number of crossovers 
and fertility (Cole et al., 2012a). However, a 60 % decrease in 
the number of DSBs already provokes homologue asynapsis 
and sterility in male mice (Kauppi et al., 2013).

Thus, in selective breeding practice, the relatively low 
frequency of meiotic crossovers and their determinism along 
chromosomes lead to the necessity for the analysis of large 
populations in order to identify rare recombinant genotypes 
that combine the desired economically valuable genes. It has 
also been argued that regions of chromosomes that are rarely 
used for crossover create additional problems for breeders, as 
deleterious mutations accumulate in regions of low recombina-
tion (Rodgers-Melnick et al., 2015).

Stimulation of meiotic crossing over  
at the stage of creation of DNA  
double-strand breaks
Numerous and genetically programmed DSBs in DNA mole-
cules are precursors of mutual genetic exchange between 
homologous chromosomes in prophase I of meiosis. During 
prophase I of meiosis, hundreds of DSBs are created along the 
chromosomes, generated by the evolutionarily conservative 
endonuclease SPO11 and some associated proteins (Keeney 
et al., 1997; Wang, Copenhaver, 2018). 

SPO11 genes have been described in all eukaryotes whose 
genomes have been studied and whose protein products are 
similar to the A subunit of archaeal DNA topoisomerase VI 
(Nichols et al., 1999; Hartung, Puchta, 2001; Wu et al., 2004). 
In yeast, insects, and vertebrates, the SPO11 gene is repre-
sented by one copy, while the plant genome has three copies 
of SPO11 (Hartung, Puchta, 2001; Stacey et al., 2006). In ara-
bidopsis (Arabidopsis thaliana L.), the SPO11-1 and SPO11-2 
genes are required for meiotic recombination (Grelon et al., 
2001; Stacey et al., 2006), while SPO11-3 is involved in so-
matic endoreplication (Hartung et al., 2002). It was previously 
shown that the B subunit of DNA topoisomerase VI is also 
required for the full formation of meiotic DSBs (Robert et al., 
2016; Vrielynck et al., 2016). It forms a complex with two 

orthologues SPO11-1 and SPO11-2, and is absolutely neces-
sary for the formation of the SPO11-1/SPO11-2 heterodimer 
in arabidopsis (Vrielynck et al., 2016).

It is assumed that the mechanism of meiotic DSB formation 
with the participation of SPO11 proteins is conservative, but 
its regulation may differ due to a set of auxiliary proteins that 
are less conservative in organisms from different kingdoms 
(De Muyt et al., 2009).

The distribution of DSBs can be considered as the first pos-
sible level of determination of future crossover formation sites. 
In particular, in budding yeast, from 160 to 200 DSB points 
are formed in each cell, and the repair of most of them leads 
to crossing over (Mercier et al., 2015). In other organisms, 
the number of DSB points significantly exceeds the number 
of crossing over points. For example, in arabidopsis, there are 
from 150 to 300 DSB points producing about 10 crossover 
exchanges per genome (Kurzbauer et al., 2012; Choi et al., 
2013); in maize (Zea mays L.), almost 500 DSB points lead 
to the formation of about 20 crossover exchanges (Anderson 
et al., 2003). As a consequence, the site of crossover realiza-
tion is selected from a wide range of potential DSB formation 
sites in the genome. 

There is an opinion that the “hot spots” of crossing over 
are closely associated with the “hot spots” for the formation 
of DSB (Wang, Copenhaver, 2018). High-resolution analysis 
in budding yeast shows that crossover hotspots and meiotic 
DSBs are concentrated in promoter-adjacent regions with low 
nucleosome density (Mancera et al., 2008). In humans (Homo 
sapiens) and house mice, “hot spots” of crossing over occur 
in certain DNA sequences bound by the PRDM9 protein in 
gene and intergenic regions not associated with transcription 
initiation sites (Baudat et al., 2010; Smagulova et al., 2011). 

PRDM9 is a DNA-binding protein that catalyzes H3 histone 
(H3K4 modification) methylation, which initiates the forma-
tion of DSBs away from transcription start sites (Baudat et al., 
2010; Smagulova et al., 2011). Plants do not have a PRDM9 
homologue, but crossover “hot spots” do exist. “Hot spots” in 
arabidopsis are characterized by the fact that crossing over in 
them occurs up to 50 times more actively than on average for 
the genome (Choi et al., 2013; Yelina et al., 2015). At the same 
time, crossover “hot spots” could be associated with active 
transcription of  RNA polymerase II, low nucleosome density, 
low DNA methylation level, as well as with intergenic regions, 
promoters, transcription start and stop sites, transposons, or 
insertion-deletion regions. The search for DNA motifs asso-
ciated with crossover hotspots in arabidopsis revealed their 
significant enrichment in CTT, CCN, and poly A sequences 
(Choi et al., 2013; Wijnker et al., 2013). 

Chromosomal regions associated with an increased fre-
quency of crossing over have also been found in maize (Liu 
et al., 2009), wheat (Triticum aestivum L.) (Saintenac et al., 
2009, 2011), and cultivated tomato (Solanum lycopersicum L.) 
(Demirci et al., 2017), which indicates the preservation of 
common mechanisms in different plant species. In most 
orga nisms, DSBs can occur along the entire length of chro-
mosomes, however, it is surprising that 80 % of crossing over 
points are concentrated in about 25 % of genome regions 
(Blary, Jenczewski, 2019). For example, 82 % of crossovers 
are concentrated at the distal ends of wheat chromosome 3B, 
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which is 19 % of its total length (Darrier et al., 2017). There-
fore, despite a significant amount of species-specific informa-
tion, it is currently impossible to identify a general pattern, a 
common or key factor in the localization of all DSBs in the 
genome (Bogdanov, Grishaeva, 2020). The success of practical 
selection can be directly related to the expansion of the range 
of genome regions liable to crossing over in ways including 
the creation of additional DSBs in regions that are rarely used 
to initiate DSBs or the redistribution of DSB regions.

It is known that in spo11∆-mutant budding yeast lacking 
their own functional SPO11 alleles, expression of the chime-
ric GAL4BD-SPO11 gene initiated additional DSBs at the 
binding site of the Gal4 protein (Peciña et al., 2002). Later, it 
was shown that SPO11 chimeric proteins fused with various 
DNA-binding protein modules (transcription factors, Cas9 
nuclease, etc.) can stimulate crossing over in regions of the 
yeast genome with low natural recombination activity (Sarno 
et al., 2017). In the latter case, the authors propose their own 
strategy for increasing the genetic variability of gametes in 
plant breeding. 

However, it is difficult to use higher organisms with a 
knockout of their own SPO11 genes in selective breeding 
work. In arabidopsis, mutations in the SPO11-1 gene lead to 
a complete loss of synapsis of homologues in prophase I and 
their random segregation, a formation of a significant level 
of nonfunctional gametes, and a decrease in meiotic recom-
bination by an order of magnitude (Grelon et al., 2001). In 
mice, the Spo11–/– genotype with a complete absence of  DSB 
demonstrates chromosome asynapsis and sterility (Baudat 
et al., 2010). Expression of the recombinant isoform of the 
mouse’s own Spo11β gene made it possible to prove that the 
SPO11 protein level is crucial for chromosome synapsis and 
successful completion of meiosis (Kauppi et al., 2013). In the 
mei-W681 (spo11) mutants of the drosophila fly (Drosophila 
melanogaster), expression of the native SPO11 gene restores 
the wild-type phenotype (Shingu et al., 2012). Expression of 
the arabidopsis SPO11-1 and SPO11-2 genes or rice (Oryza 
sativa L.) SPO11A, SPO11B, and SPO11D genes leads to an 
increase in the amount of DSB in mei-W681 mutants, but this 
is not enough for the normal completion of meiosis (Shingu 
et al., 2012). The totality of the presented results shows that 
in higher organisms within the framework of the proposed 
strategy, probably, only overexpression of recombinant SPO11 
genes could become a way of redistributing exchanges be-
tween homologous chromosomes.

Previously, to test this assumption, transgenic tomato plants 
that express the SPO11 genes from budding yeast or arabi-
dopsis under the control of a strong constitutive 35S CaMV 
viral promoter were created (Komakhina et al., 2020). Using 
genetic analysis, it was shown that overexpression of both 
recombinant SPO11 genes partially disrupts the monogenic 
inheritance of marker alleles of the Wv:wv locus of chromo-
some 2 among tomato offspring. Segregation disruption at 
the Wv:wv locus could be the result of gene conversion due 
to the preferential formation of DSB in one of the Wv or wv 
alleles in transgenic plants. Overexpression of the SPO11 
genes reduced the frequency of meiotic recombination in the 
region between the wv and d genes of tomato chromosome 2 
by 17–18 % compared to the non-transgenic control. At the 

same time, a negative correlation was found between the ex-
pression level of the recombinant SPO11 genes and the fre-
quency of recombination in the analyzed wv-d region of chro- 
mosome 2. 

Unfortunately, the effect of the expression of recombinant 
SPO11 genes on the frequency of meiotic recombination in 
other regions of the tomato genome remained unexplored. 
In general, it has been shown that the strategy of meiotic 
recombination induction using additional SPO11 activity, 
previously successfully implemented in yeast, may have 
limitations in plant (Komakhina et al., 2020) and insect cells 
(Shingu et al., 2012).

Later, a debatable opinion that DSB “hot spots” do not ne-
cessarily become crossover “hot spots” was expressed. This 
opinion is substantiated by the fact that a small absolute num-
ber of DSBs in “cold regions” can paradoxically turn into a 
relatively high frequency of realized crossing over (Bogdanov, 
Grishaeva, 2020).

Stimulation of meiotic crossing over  
at the stage of homology search  
during repair of DNA double-strand breaks
During meiosis, DSBs resulting from the activity of SPO11 
endonuclease are processed to 3′-single-stranded DNA ends, 
which then cooperatively bind RecA-like recombinases 
RAD51 and DMC1 (Brown, Bishop, 2014; Mercier et al., 
2015). As a result, nucleoprotein filaments are formed that 
carry out single end invasion into the sister chromatid or the 
homologous chromosome (Girard et al., 2015). The 3′-single-
stranded DNA ends invading the double-stranded DNA 
molecule are then elongated by DNA synthesis and ligation, 
which leads to the formation of a D-loop (displacement loop), 
from which a double Holliday junction is then formed (Brown, 
Bishop, 2014; Wang, Copenhaver, 2018). 

During meiosis, DSB repair can shift towards predominant 
use of the homologous chromosome as a template, a process 
called interhomolog bias (Brown, Bishop, 2014). This process 
is a prerequisite for crossing over between homologous chro-
mosomes and requires the involvement of a specific meiotic 
mechanism that prevents sister chromatids from being used for 
repair (Brown, Bishop, 2014). In particular, in arabidopsis, the 
meiosis-specific DMC1 protein is presumably responsible for 
the increased probability of DSB repair using a homologous 
chromosome (Kurzbauer et al., 2012). 

In budding yeast and arabidopsis during meiosis, the cata-
lytic activity of RAD51 is not necessary for the formation of 
interhomologous crossing over that confirms the preferential 
role of the DMC1 protein in this process (Cloud et al., 2012; 
Da Ines et al., 2013). In arabidopsis, the RAD51 protein 
functions within a backup pathway for DSB recovery  during 
meiosis in the event of DMC1 dysfunction (Kurzbauer et al., 
2012). In the absence of DMC1, meiotic DSBs are restored by 
the RAD51 protein using the sister chromatid as a template, 
which leads to the absence of synapsis between homologues 
and the appearance of univalents (Couteau et al., 1999). The 
presence of the DMC1 protein suppresses RAD51 activity in 
arabidopsis (Uanschou et al., 2013); the same is observed in 
meiosis in budding yeast, in which the DMC1 protein sup-
presses RAD51 activity (Lao et al., 2013). At the same time, 
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in the figl1 mutants of arabidopsis, which exhibit an increased 
frequency of crossover exchanges, a twofold increase in the 
number of RAD51 foci was found in cells at the leptotene/
zygotene stages of meiosis, while the number of foci of 
meiosis-specific DMC1 did not change or increased insigni-
ficantly (Girard et al., 2015; Fernandes et al., 2018a). Recent 
results do not rule out that the role of RAD51 recombinase 
in meiotic crossing over may be somewhat wider than com-
monly believed. 

It is currently assumed that the choice in favor of crossing 
over or its absence is made during DSB processing and be-
fore the formation of the double Holliday structure (Hunter, 
Kleckner, 2001; Bogdanov, Grishaeva, 2020). The molecular 
mechanism that makes this choice continues to be discussed, 
but the fact of early choice is considered established (Hunter, 
Kleckner, 2001; Bishop, Zickler, 2004; Youds, Boulton, 2011; 
Gray, Cohen, 2016; Bogdanov, Grishaeva, 2020).

Structural and biochemical differences between RAD51 
and DMC1 proteins are not very large (Sheridan et al., 2008). 
However, a large number of protein factors have been found 
that are required for proper loading, stabilization, and/or 
activation of these eukaryotic recombinases (Mercier et al.,  
2015). 

It is known that bacterial recombinase RecA has 40 to 60 % 
homology with eukaryotic recombinases, but unlike them, it is 
universal and capable of different and even unique functions 
without the participation of helper proteins and with greater 
efficiency (Baumann, West, 1998; Lanzov, 2007). It was 
shown that the expression of the recA gene from Escherichia 
coli triples the number of DSBs restored by the mechanism 
of homologous recombination and more than doubles the 
number of sister chromatid exchanges in the somatic cells 
of tobacco plants (Nicotiana tabacum L.) (Reiss et al., 1996, 
2000). This suggested that the expression of the recA gene 
in plant cells in prophase I of meiosis can also change the 
number and distribution of crossover exchanges between ho-
mologous chromosomes (Komakhin et al., 2010). It was later 
shown that the expression of the recA gene from E. coli under 
the control of a strong and constitutive CaMV35S promoter 
in cultivated tomato leads to an increase in the frequency of 
meiotic recombination between the wv and d genes of chro-
mosome 2 by 50 % compared with the non-transgenic control 
(Komakhin et al., 2012). 

The molecular mechanism that allowed to increase the 
frequency of meiotic recombination in the transgenic tomato 
remained unclear at the time these results were published. 
Later, it became known that the yeast Top3 topoisomerase 
negatively affects meiotic crossing over since it specifically 
destroys the D-loops formed by the yeast Rad51/Rad54 pro-
teins (Fasching et al., 2015). However, D-loops formed by the 
bacterial RecA protein proved to be resistant to destruction 
by the Top3 protein. It has also been found that arabidopsis 
plants carrying top3α mutant alleles show a 1.5 to 2.5-fold 
increase in meiotic recombination frequency (Séguéla-Arnaud 
et al., 2015). Probably, in transgenic tomato plants express-
ing the recA gene, an increase in the frequency of meiotic 
recombination could be due to the formation of D-loops by 
the bacterial RecA protein, which could not be destroyed by 
the tomato TOP3α protein, resulting in an increase of the 
recombination frequency.

An attempt to apply this experimental approach to increase 
crossover exchanges between chromosomes of different 
tomato species showed an ambiguous result (Komakhin et 
al., 2019). In particular, none of the three combinations of 
crossing a cultivated tomato expressing the recA gene and 
wild tomato species S. cheesmaniae, S. pimpinellifolium, and 
S. habrochaites showed a significant increase in the frequency 
of recombination between the marker genes of chromosome 2. 
It is assumed that the factor limiting recombination between 
chromosomes from different species is the mismatch repair 
system, which eliminates mismatched bases in DNA at the 
DSB repair site (Chambers et al., 1996; Emmanuel et al., 
2006; Strelnikova et al., 2021). This assumption is based on the 
fact that in interspecific tomato hybrids, due to the increased 
level of DNA polymorphism between chromosomes of dif-
ferent species, one should expect a more active resistance of 
mismatch repair to meiotic crossing over than in interline 
hybrids of cultivated tomato.

Stimulation of meiotic crossing over at the stage  
of correction of unpaired bases at the site  
of DNA double-strand breaks reparation
During meiotic crossing over between homologous chromo-
somes, regions of heteroduplex DNA containing unpaired 
bases can arise locally. The mismatch repair system eliminates 
these regions. 

The mismatch repair system is a highly conservative way 
of maintaining DNA integrity that exists in all organisms. The 
first step of this pathway in eukaryotes, mismatch recog ni-
tion, is performed by homologues of prokaryotic MutS pro-
teins, viz. MSH proteins. Eight of them were described in 
eukaryotes, from MSH1 to MSH8. MSH7 is found only 
in plants (Culligan, Hays, 2000), while MSH8 is found in 
the phylum Euglenozoa (Sachadyn, 2010). MSH proteins 
recognize unpaired bases as heterodimers. The heterodimer 
designated MutSa (MSH2-MSH6) repairs mismatches or 
1–2 nucleotide loops (Acharya et al., 1996; Genschel et al., 
1998). The MutSb heterodimer (MSH2-MSH3) recognizes 
larger loops containing up to 14 nucleotides (Modrich, 1991; 
Marti et al., 2002). Plants form an additional heterodimeric 
complex known as MutSc (MSH2-MSH7) (Culligan, Hays, 
2000), which is involved in meiotic recombination (Lloyd et 
al., 2007). In meiosis, the mismatch repair system is able to 
destroy heteroduplex DNA and suppress crossing over (Cole 
et al., 2012b).

Inactivation of the MSH2 gene in interspecific yeast hybrids 
S. cerevisiae × S. paradoxus increases the recombination fre-
quency between homeologous chromosomes up to 5.5 times 
and also increases the viability of spores (Hunter et al., 1996). 
In arabidopsis plants, knockout of the MSH2 gene (muta-
tion msh2-1) increases microsatellite instability and somatic 
recombination, which indicates a decrease in the efficiency 
of the mismatch repair system in plant cells (Leonard et al., 
2003). In another study, it was shown that the msh2-1 mutation 
increased by 40 % the frequency of meiotic recombination 
between marker genes of fluorescent proteins in an isogenic 
background of arabidopsis (Landsberg erecta ecotype) (Em-
manuel et al., 2006).

These results allowed to apply the strategy of suppressing 
mismatch repair by inhibiting the expression of the MSH2 and 
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MSH7 genes to increase the frequency of crossover exchanges 
in other plant species. In particular, in cultivated tomato, the 
inhibition of the expression of the MSH2 and MSH7 genes 
was performed by three independent scientific groups at dif-
ferent times either using RNA interference (RNAi) (Tam et 
al., 2011; Sarma et al., 2018; Strelnikova et al., 2021) or using 
a dominant-negative construct with the mutant MSH2-DN2 
protein gene from arabidopsis (Tam et al., 2011). 

The use of a dominant-negative construct or inhibition 
of the MSH7 transcript by RNAi allowed a non-substantial 
increase by 17.8 % in the frequency of meiotic recombination 
between homeologues in a cultivated tomato heterozygous 
by chromosome 8 from S. lycopersicoides Dunal (Tam et al., 
2011). At the same time, silencing of the MSH2 gene transcript 
with RNAi delivered pronounced negative consequences for 
the fertility of tomato plants (Sarma et al., 2018; Strelnikova 
et al., 2021), especially when using the strong pro-SmAMP2 
plant promoter to control the expression of the RNAi construct 
(Strelnikova et al., 2021). In recent experiments, it was con-
vincingly shown that the highly effective RNAi of the MSH2 
gene leads to phenotypic anomalies in cultivated tomato 
plants: growth and flowering retardation and formation of a 
reduced number of seeds (Sarma et al., 2018; Strelnikova et 
al., 2021). In cases where the RNAi of the MSH2 gene was 
moderate, tomato plants were fertile, but no increase in the 
frequency of meiotic recombination was found (Tam et al., 
2011; Strelnikova et al., 2021). 

These results show that in tomato plants, in contrast to 
arabidopsis plants, suppression of the MSH2 gene by RNAi 
to increase the frequency of meiotic recombination has sig-
nificant limitations. Probably, there is a certain level of ex-
pression of the MSH2 gene, which is critical for the viability 
of tomato plants. This may be due to the fact that, in contrast 
to arabidopsis plants, the MSH2 gene in tomato performs an 
additional cellular function necessary for plant fertility. This 
may be the reason why spontaneous or induced msh2 mutants 
have not yet been described among various tomato species.

It should be noted that the repression of mismatch repair 
has a negative effect on the stability of the genome and the 
reproductive properties of many other plant species besides 
tomato. It was shown that a knockout mutation of the MSH2 
gene in arabidopsis plants after several generations led to an 
intensive accumulation of various mutations in the genome, a 
partial loss of fertility, and a decrease in the number of seeds 
(Leonard et al., 2003; Hoffman et al., 2004). Another study 
showed that a mutation in the MLH1 gene, which is also a part 
of the mismatch repair system, leads to reproductive defects 
in arabidopsis plants (Dion et al., 2007). 

Inhibition of MSH2 gene expression using two different 
strategies leads to numerous phenotypic anomalies and mic-
rosatellite instability in somatic potato hybrids (Rakosy-Tican 
et al., 2019). RNAi of the MSH7 gene in transgenic barley 
plants (Hordeum vulgare L.) leads to a decrease in the number 
of seeds and pollen viability (Lloyd et al., 2007). In wheat 
plants, the msh7-3D mutation also reduces pollen viability 
but does not affect plant fertility (Serra et al., 2018). Overall, 
these results confirm that the strategy of stimulating meiotic 
recombination by suppressing mismatch repair in different 
plant species can lead to impaired reproductive functions.

Stimulation of meiotic recombination  
at the stage of D-loop resolution
As already mentioned in the section “Stimulation of meio-
tic crossing over at the stage of creation of DNA double-
strand breaks”, in most eukaryotes, the number of DSBs sig-
ni ficantly exceeds the number of crossovers. This suggests 
that there are negatively acting metabolic mechanisms that 
prevent the resolution of part of the DSBs through the cross-
over pathway.

The choice of the DSB repair mechanism in favor of a 
crossover or non-crossover pathway occurs at the early stages 
of DSB repair, when a single-stranded DNA-protein fila-
ment invades a homologous DNA molecule and causes the 
formation of a D-loop in it (Hunter, Kleckner, 2001; Bishop, 
Zickler, 2004; Bogdanov, Grishaeva, 2020). D-loops that arise 
during the homology search step using RAD51 and DMC1 
recombinases can be transformed via various metabolic path-  
ways, leading either to crossovers between homologous chro-
mosomes or to non-reciprocal exchange (without crossing 
over) between them. 

Currently, two ways of crossing over implementation, lead-
ing to the appearance of either class I or class II crossovers, are 
most fully described (Gray, Cohen, 2016). Class I crossovers 
are products of the activity of a group of proteins collectively 
referred to as ZMM (Zip1, Zip2, Zip3, Zip4, Msh4 and Msh5, 
Mer3) that stabilize intermediate D-loops, promoting the 
formation of a double Holliday structure (Hunter, 2015). The 
MLH1 and MLH3 proteins in combination with EXO1 pro-
mote the transformation of the Holliday structure into class I 
crossovers (Ranjha et al., 2014). 

Class I crossovers are not randomly distributed along chro-
mosomes, as they reduce the likelihood of adjacent crossovers 
in close proximity of them (Wang et al., 2015). This pheno-
menon is commonly referred to as interference. In addition, the 
D-loops (as a recombination intermediate) can be converted 
by structure-specific endonucleases, including the MUS81 
enzyme, producing class II crossovers that are not subject 
to interference (Berchowitz et al., 2007; Wang, Copenhaver, 
2018; Bogdanov, Grishaeva, 2020). There are known double 
mutants of arabidopsis at both msh4 and mus81 genes which 
control crossing over pathways I and II, respectively; despite 
this, these mutants show a residual 5–10 % of crossovers 
(Higgins et al., 2008). However, the mechanism that gene-
rates these residual crossovers is unclear; possibly, it is active 
only when the main crossover pathways I and II are dis- 
rupted ( Osman et al., 2011; Mercier et al., 2015; Lambing et 
al., 2017). 

There are organisms in which only one of the two major 
pathways of crossover formation is present. In particular, in 
fission yeast (Schizosaccharomyces pombe Lindner) and mold 
(Aspergillus nidulans P. Michel ex Haller) only pathway II is 
present, which is not susceptible to interference. In contrast, 
in the soil nematode (Caenorhabditis elegans Dougherty), 
only interfering pathway I is known. In plants, both crossing 
over pathways were found, but in different proportions. For 
example, in arabidopsis and tomato, class I crossovers amount 
to 70 to 90 %, and the rest belong to class II (Lhuissier et al., 
2007; Higgins et al., 2008; Macaisne et al., 2011; Anderson 
et al., 2014). 
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Recently, using molecular genetic studies, arabidopsis was 
found to contain protein factors that act against the conver-
sion of DSBs into class II crossovers: DNA helicase FANCM 
(Fanconi anemia complementation group M) (Crismani et al., 
2012; Girard et al., 2014), FIGL1 (AAA-ATPase FIDGETIN-
LIKE1) (Fasching et al., 2015; Girard et al., 2015), BTR 
complex of DNA helicases RECQ4A and RECQ4B and to-
poisomerase TOP3α (Séguéla-Arnaud et al., 2015).

Previously, the At1g35530 gene was found in the arabi-
dopsis genome, the mutation in which allows to suppress the 
zip4(s)1 and msh5 mutations associated with disturbances in 
meiotic division (Crismani et al., 2012). It turned out that the 
At1g35530 gene encodes a DNA helicase homologous to the 
human FANCM helicase. In yeast, FANCM orthologues and 
their cofactors form a conservative complex involved in the 
formation of non-crossover products during meiosis through 
disruption of D-loops (Gari et al., 2008). Arabidopsis plants 
with the mutant fancm gene demonstrate an increase in the 
frequency of meiotic recombination from 2 to 3.6 times in all 
eight studied genome regions and are indistinguishable from 
wild-type plants in terms of growth and fertility (Crismani et 
al., 2012). Additional crossovers are independent of ZMM 
proteins and occur via the MUS81 pathway typical to class II 
(Crismani et al., 2012; Girard et al., 2014). 

Thus, it was demonstrated for the first time that FANCM in 
plants is a strong negative regulator of crossing over. How-
ever, subsequent studies showed that the fancm mutation was 
effective only in arabidopsis inbred lines of the Columbia-0 
or Landsberg erecta ecotypes; in hybrids of the Colum-
bia-0 × Landsberg erecta combination, the fancm mutation 
does not increase the frequency of meiotic recombination 
(Girard et al., 2015). In addition, the fancm mutation effec-
tively restores the formation of bivalents in the zmm mutants 
in the Columbia-0, Landsberg erecta, or Wassilewskija inbred 
lines, but not in the Columbia-0 × Landsberg erecta and Co-
lumbia-0 × Wassilewskija hybrids.

Later, in arabidopsis plants, the conservative FIDGETIN-
LIKE1 AAA-ATPase (FIGL1) was identified, which also 
acted as a negative regulator of crossover formation (Girard et 
al., 2015). It is known that FIGL1 belongs to the FIDGETIN 
subfamily and is involved in DNA repair (Yuan, Chen, 2013). 
In arabidopsis, FIGL1, like FANCM (Crismani et al., 2012), 
limits the formation of crossovers across the entire genome 
(Girard et al., 2015). In particular, in a single arabidopsis 
figl1- 1 mutant, the frequency of meiotic recombination in-
creased in each of the six tested sites by an average of  72 % 
(in single fancm-1 mutants the frequency of meiotic recom-
bination on average tripled (Crismani et al., 2012)) and a  
 noticeable increase in the frequency of recombination took 
place in the distal regions of chromosomes. A six-fold in-
crease in the frequency of meiotic recombination was found 
in arabidopsis figl1-1 fancm-1 double mutants compared to 
wild-type plants in six tested genome regions, while maintain-
ing the progression of meiotic division and fecundity (Girard 
et al., 2015). 

Recent results indicate that the effects of the figl1-1 and 
fancm-1 mutations are synergistic, thus affecting different 
metabolic pathways to limit crossing over. It was also found 
that two figl1 fancm mutations in Columbia-0 × Landsberg 

erecta hybrids resulted in a 2.5-fold increase in meiotic re-
combination frequency in the four sites tested compared to 
wild-type hybrids. This was higher than either of the figl1 or 
fancm mutants alone (1.8 and 1.2 times, respectively), con-
firming that figl1 and fancm have a multiplicative effect also 
in the hybrid genetic environment. 

It is assumed that in arabidopsis, the FIGL1 protein nega-
tively affects the dynamics of two conservative recombinases 
DMC1 and RAD51, counteracting the invasion of single-
stranded DNA ends into the homologous chromosome, and 
thus prevents the interaction between homologous chromo-
somes (Girard et al., 2015). The available data allow us to 
conclude that FIGL1 and FANCM represent two sequential 
barriers against crossing over, the first of which limits the 
invasion of DNA strands into the homologous chromosome, 
and the second, due to helicase activity, unwinds interme-
diate DNA structures that arise during the formation of the 
D- loop (Girard et al., 2015). This model is supported by direct 
evidence for physical interaction of the FIGL1 protein via its 
FRBD domain with RAD51 and DMC1 proteins and an in-
crease in DMC1 foci in arabidopsis figl1 mutants (Fernandes 
et al., 2018a).

The complex of BTR (BLOOM-TOP3-RMI1-RMI2) in 
humans and Sgs1-Top3-Rmi1 in budding yeast is highly 
conservative and plays a major role in the formation of non-
crossover products by resolving the double Holliday structure 
or by disrupting D-loops (Fasching et al., 2015). In particular, 
during the reaction, two Holliday structures migrate towards 
each other using the BLOOM/Sgs1 helicase. The structure 
thus generated is then removed using the TOP3α/Top3 topo-
isomerase and its cofactors (Berchowitz et al., 2007; Higgins 
et al., 2008; Macaisne et al., 2011). The same protein complex 
promotes D-loop unwinding, which results in the formation 
of exclusively non-crossover products (Crismani et al., 2012; 
Girard et al., 2014; Mercier et al., 2015). 

In arabidopsis, the genome contains three members of 
the BTR complex: TOP3α and RMI1 as single genes, and 
the Sgs1 homologue as two paralogous genes, RECQ4A and 
RECQ4B (Séguéla-Arnaud et al., 2015, 2017). In a recent 
study, arabidopsis plants carrying different top3α mutant al-
leles were shown to make a 1.5 to 2.5-fold increase in meiotic 
recombination frequency. Arabidopsis recq4a recq4b double 
mutants show a 6.2-fold increase in meiotic recombination 
frequency compared to wild-type plants (Séguéla-Arnaud et 
al., 2015). Moreover, the increase in frequency occurred due 
to the appearance of class II crossovers that are not subject to 
interference. The effects of the top3α and recq4a recq4b mu-
tations in arabidopsis were enhanced against the background 
of the fancm mutation. Compared with wild-type plants, the 
frequency of meiotic recombination increases on average by 
4.8 times in the top3α fancm double mutant and by 9 times in 
the recq4a recq4b fancm triple mutant. These results allowed 
the authors to state that there are at least two independent 
pathways for the negative regulation of crossing over in ara-
bidopsis. From the point of view of selective breeding studies, 
it was important that, despite a significant increase in recom-
bination, the top3α fancm and recq4a recq4b fancm mutants 
grew normally, were fully fertile and did not show defects in 
meiotic division (Séguéla-Arnaud et al., 2015, 2017).
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The same authors (Fernandes et al., 2018a) showed that 
when the recq4 mutation and the figl1 mutation are combined 
in one arabidopsis plant, the frequency of crossing over 
increases by 7.8 times and the genetic map lengthens from 
389 to 3037 cM. It has also been shown that the increase in 
the number of crossing over events occurs unevenly along 
the chromosomes and increases from the centromere to the 
telomere. Finally, female recombination was higher than male 
recombination in the recq4 figl1 double mutant (3200 versus 
2720 cM), although in wild-type plants recombination in male 
meiosis is much higher than in female meiosis (490 versus 
290 cM). These results suggest that the factors that make fe-
male meiosis less recombinogenic than male meiosis do not 
operate in the context of this double mutant.

Almost simultaneously with studies of the role of FANCM 
in arabidopsis plants, an attempt was made to increase the 
frequency of meiotic recombination in its close relatives 
of agricultural importance: diploid turnip plants (Brassica 
rapa L.) and tetraploid rapeseed plants (B. napus L.) (Blary 
et al., 2018). In this work, it was found that the braA.fancm-1 
missense mutation in the turnip BraA.FANCM gene is able 
to partially complement the braA.msh4-1 mutation in the 
meiosis-specific BraA.MSH4 gene of the turnip, which in 
turn reduces the number of bivalents in metaphase and gives 
rise to univalents. 

Turnip double mutants braA.fancm-1 braA.msh4-1 show 
a 3-fold increase in the number of crossovers, equal to the 
increase previously observed in arabidopsis (Crismani et 
al., 2012). In rape plant mutants carrying the bnaA.fancm-1 
nonsense mutation in the A genome and the bnaC.fancm-1 or 
bnaC.fancm-2 missense mutation in the C genome, a certain 
increase (1.3 times) in the frequency of meiotic recombination 
was observed. The authors attribute this result to the residual 
activity of FANCM mutant variants from the C genome in 
 tetraploid rapeseed plants (AACC genome) (Blary et al., 
2018).

Also, the influence of FANCM, RECQ4 and FIGL1 fac-
tors on the frequency of meiotic recombination was studied 
in other important agricultural crops: rice, pea (Pisum sati-
vum L.) and cultivated tomato (Mieulet et al., 2018). Muta-
tions in the recq4 orthologue genes increase the frequency 
of meiotic recombination from 2.7 to 3.7 times in all studied 
plant species. Mutations in fancm orthologue genes slightly 
increase the frequency of meiotic recombination, from 1.6 to 
2.3 times in pea and rice, but not in tomato, which showed 
no changes. It was shown that in lettuce (Lactuca sativa L.), 
knockout of  the FANCM gene orthologue using CRISPR/Cas9 
genome editing leads to a decrease in the viability of pollen 
and a decrease in the number of seeds (Li et al., 2021). In let-
tuce fancm mutants, 78 % of meiocytes in metaphase I have 
univalents. These results indicate that FANCM in lettuce, in 
contrast to arabidopsis plants, likely has an additional function 
in meiosis. Notably, homozygous knockout of  figl1 orthologs 
in tomato, pea, and rice plants induces sterility (Zhang et al., 
2017; Mieulet et al., 2018).

Thus, the recq4 mutation increases the frequency of cross-
ing over by about 3 times in all studied crops (rice, pea, and 
tomato), so manipulation of the RECQ4 gene may be a ver-  

sa tile tool to increase meiotic recombination in plants. How-
ever, the presented results also indicate that the meiotic ef-
fects found in the model object are not always reproduced in 
agricultural crops.

It has been shown that the frequency of interfering class I 
crossovers in arabidopsis can be influenced by overexpres-
sion of  the HEI10 gene (an analogue of  Human Enhancer 
of  Invasion 10), which encodes a meiosis-specific E3 ligase 
asso ciated with quantitative variation in the frequency of 
crossing over between arabidopsis ecotypes (Ziolkowski et al., 
2017). In particular, the frequency of meiotic recombination in 
transgenic arabidopsis plants of  both Columbia-0 and Land s-
berg erecta ecotypes or their hybrid Columbia-0 × Landsberg 
erecta significantly increases and shows a positive correla - 
tion with the expression level of the HEI10 transgene. The 
population of transgenic plants based on the Columbia-0 eco-
type with overexpression of the HEI10 gene contained more 
than twice as many crossovers, which was revealed using the 
MLH1 protein, a marker for class I crossovers. A simultane-
ous increase in the number of copies of the HEI10 gene and 
knockout of the RECQ4A and RECQ4B genes in arabidopsis 
lead to a 5-fold increase in meiotic recombination in chro-
mosome arms and to a 1.5-fold increase in pericentromeric 
heterochromatin (Serra et al., 2018). Thus, the combination 
of overexpression of the HEI10 gene with suppression of the 
expression of the RECQ4A and RECQ4B genes for the first 
time made it possible to simultaneously increase the number 
of class I and II crossovers.

Conclusion
Over the past two decades, numerous studies have been per-
formed that allowed to reveal key elements of the control of 
meiotic crossing over, which can be used to increase the fre-
quency of crossover exchanges and redistribute their positions 
along the chromosomes. The experiments on overexpression 
of the HEI10 crossover enhancer gene and inactivation of 
the FANCM, RECQ4, and FIGL1 crossover repressor genes 
in arabidopsis plants turned out to be the most promising. 
Combining these experimental approaches has significantly 
increased the frequency and distribution of class I and II cross-
overs. The results obtained in arabidopsis opened up the pos-
sibility of manipulating the process of meiotic recombination 
in agricultural plant species. However, the results obtained on 
the model object are not always reproducible on agricultural 
crops. Obviously, additional efforts are needed to reveal the 
features of the functioning of orthologues of these genes in 
various plant genomes.
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Abstract. The perennial grass cocksfoot (Dactylis glomerata L.) is a valuable early highly nutritious crop used as green 
fodder in agricultural production. The species is widespread across the Eurasian continent; it is characterized by plas-
ticity and high ecological and geographical variability. The article considers the metabolic profiles of 15 accessions 
of the cocksfoot from the collection of the N.I. Vavilov Institute of Plant Genetic Resources (VIR). The material is re-
presented by varieties and wild forms of various origin: the European part of the Russian Federation, Norway and 
Finland. The study was carried out using gas-liquid chromatography coupled with mass spectrometry. The study and 
comparison of groups of metabolites of cocksfoot accessions of various ecological and geographical origin was car-
ried out. Statistical processing included the calculation of the main parameters of variability, factor analysis of the 
correlation system (Q- and R-technique), cluster analysis by Ward’s method and discriminant analysis. The variability of 
the quantitative and qualitative composition of the substances identified was revealed. Based on statistical process-
ing of the results obtained, five groups of cocksfoot accessions were identified, differing in the profile of metabolites. 
One of the groups with a similar composition of metabolites consisted of accessions from one ecological and geo-
graphical region; another, of accessions of different origin. Significant differences were noted in the metabolomic 
profiles of a late-maturing wild cocksfoot accession from the Republic of Karelia at the booting stage from early- and 
mid-maturing accessions at the heading stage; it contained the largest number of free amino acids and the smallest 
number of identified primary and secondary metabolites. Wild-growing accession k-44020 from Norway surpassed 
other wild-growing accessions in the content of free amino acids, sugars and phosphates at the heading stage. Wild-
growing accessions differed from breeding varieties with a high content of proline and threonine, indicators of high 
resistance to lack of moisture and high air temperature.
Key words: Dactylis glomerata; genetic resources; metabolomic profiling; character polymorphism.
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из коллекции ВИР
Н.Ю. Малышева1, Т.В. Шеленга1, А.Е. Соловьева1, Т.Б. Нагиев2, Н.В. Ковалева2, Л.Л. Малышев1 

1 Федеральный исследовательский центр Всероссийский институт генетических ресурсов растений им. Н.И. Вавилова (ВИР),  
Санкт-Петербург, Россия

2 Ленинградский научно-исследовательский институт сельского хозяйства «Белогорка» –  
филиал Федерального исследовательского центра картофеля имени А.Г. Лорха, Ленинградская область, Россия

  l.malyshev@vir.nw.ru

Аннотация. Многолетний злак ежа сборная (Dactylis glomerata L.) – ценная ранняя высокопитательная культура, 
используемая в качестве зеленого корма в сельскохозяйственном производстве. Вид широко распространен 
на территории евразийского континента, характеризуется пластичностью и высокой эколого-географической 
изменчивостью. В статье рассмотрены метаболитные профили 15 образцов ежи сборной из коллекции Всерос-
сийского института генетических ресурсов растений им. Н.И. Вавилова (ВИР). Материал представлен сорта ми 
и дикорастущими формами различного происхождения: европейская часть РФ, Норвегия и Финляндия. Ис-
следование проводили с помощью газо-жидкостной хроматографии, сопряженной с масс-спектрометрией. 
Выполнено изучение и сравнение групп метаболитов образцов ежи сборной различного эколого-географиче-
ского происхождения. Статистическая обработка включала вычисление основных параметров изменчивости, 
факторный анализ системы корреляций (Q- и R-техника), кластерный анализ по методу Варда и дискриминант-
ный анализ. Выявлена изменчивость количественного и качественного состава идентифицированных веществ. 
На основе статистической обработки полученных результатов выделили пять групп образцов ежи, различаю-
щихся по профилю метаболитов. В одной группе с похожим составом метаболитов оказались образцы из од-
ного эколого-географического региона, в другой – образцы различного происхождения. Отмечены значитель-
ные отличия метаболомных профилей позднеспелого дикорастущего образца ежи из Карелии в фазе выхода в 
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трубку от ранне- и среднеспелых образцов в фазе колошения: он содержал наибольшее количество свободных 
аминокислот и наименьшее число выявленных первичных и вторичных метаболитов. Дикорастущий образец 
к-44020 из Норвегии в фазе колошения превзошел остальные дикорастущие образцы по содержанию свобод-
ных аминокислот, сахаров и фосфатов. Дикорастущие образцы отличались от селекционных сортов высоким 
содержанием пролина и треонина, устойчивостью к недостатку влаги и высокой температуре воздуха.
Ключевые слова: Dactylis glomerata; генетические ресурсы; метаболомное профилирование; полиморфизм 
признаков.

Introduction
Dactylis glomerata L. is widely distributed in Eurasia and 
North Africa. This culture is the fourth most important forage 
crop in the world, due to high yield and stress factors resistance 
(Stewart, Ellison, 2011). It is the earliest hay-type fodder crop 
in Northern Europe. The world collection of the N.I. Vavilov 
Institute of Plant Genetic Resources (VIR) presents varieties 
and wild populations of D. glomerata from various ecologi-
cal and geographical areas. The material is represented by the 
tetraploid subspecies D. glomerata subsp. glomerata (2n = 28) 
with a high level of genetic diversity (Last et al., 2013). The 
main criterions in fodder crops breeding are high productivity, 
intensity of regrowth, and resistance to abiotic stress factors 
(Tulinov et al., 2019). Quality characteristics are rarely taken 
into account (Yakovleva et al., 2015).

Plants are able to synthesize a huge number of compounds 
having a variety of functions. Investigation of individual 
characters of their quantitative and qualitative composition 
determines the economic using of the culture (Maslennikov et 
al., 2012, 2013). N.I. Vavilov Institute, has experience of using 
metabolomic profiling in studying plant genetic resources from 
the VIR collection (Shelenga et al., 2014). The biochemical 
composition of the cocksfoot has not been studied enough. The 
recently conducted study of D. glomerata growing on the Aeo-
lian Islands (Italy) by M. Mandrone et al. (2022) confirmed 
the relevance of its evaluation as a promising pasture crop that 
yields a good harvest of green mass under stressful conditions 
(drought, low temperatures, low pH soils). In the countries 
of  North America, Europe and Oceania, D. glomerata is 
effectively used to combat soil erosion, desertification, for 
restoration of green areas after fires and logging. The authors 
also note the lack of information about metabolomic studies 
of D. glomerata. The study of the diversity of D. glomerata 
genotypes from the collection of  VIR reveals accessions with 
optimal feed properties: high values of organic acids, essential 
fatty and amino acids, monosaccharides, polyols (inositol and 
its isomers), phytosterols, low concentrations of anti-nutrients 
(raffinose). Also it reveals accessions in metabolomic profiles 
(MP) which were dominated by substances – factors of re-
sistance to abiotic stress (FSS, free amino acids – precursors 
of phe nylpropanoids: phenylalanine, tyrosine, tryptophan; 
pipecolic acid, oxyproline (a structural compound of extensin, 
which is part of the matrix of the plant cell wall) (Solovyeva 
et al., 2019), oligosaccharides, monoacylglycerols, galacti-
nol, mannitol, glycosides) and can be used in programs for 
breeding new varieties resistant to environmental stresses, as 
well as varieties with improved feed (Rasmussen et al., 2012; 
Solovyeva et al., 2020). 

The purpose of our research was D. glomerata metabolomic 
profiles evaluation to assess the biochemical variability of va-
rieties and wild populations, degree of similarity, differences, 
and identify the promising sources for breeding.

Materials and methods
The material for research was 15 cultivar and wild accessions 
of D. glomerata from the VIR collection zoned in different 
regions of the Russian Federation, Norway and Finland 
(Table). The green mass of 14 accessions was collected at 
the heading stage, one late-maturing accession – at the boot-
ing stage. Samples preparation, GC-MS analysis, results and 
processing were carried out according to the protocol in three 
analytical replications (Loskutov et al., 2020). Statistical data 
processing was performed using application the software 
package Statistica 12.0 and included calculation of the main 
parameters of variation – mean, standard error, minimum and 
maximum, upper and lower level of the confidence interval 
of the mean at p = 0.05 and coefficient of variation; correla-
tion analysis; cluster analysis by Ward′s method and Q- and 
R-technique of the analysis of principal components and 
discriminant analysis.

Results and discussion

Cocksfoot green mass chemical composition 
In total, 125 components from amino acids, organic acids, 
phenol-containing compounds, sugars, free fatty acids, poly-
ols, glycosides, lactones, phosphates, sterols, and paraffins 
groups were identified.

List of accessions of cocksfoot (Dactylis glomerata L.)

VIR 
Catalogue 

Variety Origin Ripeness

k-36566 Tammisto Finland Middle

k-36682 VIK 61 Moscow region Middle

k-36684 Dvina Arkhangelsk region Middle

k-38088 Wild Pskov region Early

k-43142 Wild Yaroslavl region Middle

k-44020 Wild Norway Early

k-44021 Wild Norway Middle

k-44349 Wild Leningrad region Middle

k-44354 Wild Republic of Komi Middle

k-27863 Leningradskaya 853 Leningrad region Middle

k-35060 Neva Leningrad region Middle

k-38648 Petrozavodskaya Republic of Karelia Middle

k-45034 Khlynovskaya Kirov region Middle

k-48628 Triada Leningrad region Middle

i-152589 Wild Republic of Karelia Late
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Amino acids. The main nitrogenous substances of herba-
ceous plants are proteins, free amino acids and their amides, 
nucleic acids, nucleotides, and nitrogenous bases. Free amino 
acids are an important group of compounds involved in the 
synthesis of specific tissue proteins and other components ne
cessary for organisms (Shkrobotko et al., 2009), contributing 
to maintaining the functional stability under stress conditions 
(Sampieva et al., 2010). Free amino acids, having a wide 
spectrum of pharmacological action, give other substances 
an easily digestible and harmless form, while enhancing their 
effect (Shilova et al., 2008). The green mass of the cocksfoot 
was found to contain 19 free amino acids, including six es-
sential (valine, leucine, isoleucine, phenylalanine, tyrosine, 
tryptophan), and the nucleoside adenosine (Suppl. Material1). 
Nine of them (valine, alanine, leucine, isoleucine, glycine, 
threonine, serine, aspartic and glutamic acids and their deriva-
tives – asparagine and glutamine; ornithine) were aliphatic; 
three (phenylalanine, tyrosine and tryptophan) – aromatic 
and two (proline and oxyproline) – heterocyclic amino acids. 
Phenylalanine, tyrosine and tryptophan are precursors of phe-
nylpropanoids. Oxyproline is one of the main compounds of 
the cell matrix, the extensin protein, indirectly indicating the 
stress resistance of the accessions. Extensin is a glycoprotein 
with a high content of oxyproline and oligosaccharide side 
chains from arabinose. Pipecolic acid and proline also belong 
to the factors of plant protection from stress (Lotova, 2007; 
Solovyeva et al., 2019, 2020). A quite high content of pipe-
colic acid, which is related to non-protein amino acids, was 
detected. The predominant amino acids in the green mass of 
cocksfoot are oxyproline and glutamine (23.05 and 13.29 % 
of the total amino acids, respectively). The content of essen-
tial amino acids in the accessions is 19.65 %, where valine 
predominates (5.56 %). In combination with other BAS (bio-
logy active compounds: phenol-containing compounds (PhC), 
polysaccharides, organic acids (OA), macro- and microele-
ments), it emphasizes the economic value of the green mass 
of cocksfoot and perspectives in breeding for improvement 
of feed quality. The total content of free amino acids varied  
from 91.77 to 346.08 conventional units (CU) (average 207.18). 
The highest values were determined in three accessions (more 
than 300 CU): Tammisto k-36566 (Finland), wild k-44020 
(Norway) and wild i-152589 (the Republic of  Karelia). The 
lowest were found in wild accession k-44349 (Leningrad re-
gion), high content of essential amino acids: k-48628 (59.30; 
Triada, Leningrad region), anti-stress factors: FSS precursor 
amino acids: i-152589 (25.14; wild, the Republic of  Karelia) 
and k-44354 (24.10; wild, the Republic of Komi), pipecolic 
acid: k-27863 (27.58; Leningradskaya 853, Leningrad region), 
oxyproline: k-44354 (68.79; wild, the Republic of Komi; 
proline: k-44349 (24.27; wild, Leningrad region).

Organic acids. Fruits and roots are characterized by the 
predominance of free OA; in grass, buds and leaves it is usu-
ally in the form of acidic salts. The most common types OA of 
aliphatic series are malic, citric, succinic, oxalic, phytic, acetic, 
tartaric, lactic, gallic and others. The value of OA in the diet 
is determined by their energy value and active participation 
in metabolism (Latypova et al., 2014). Up to 60 % of organic 
 acids was malic acid (see Suppl. Material). In second place 
1 Supplementary Material is available in the online version of the paper: 
https://vavilovj-icg.ru/download/pict-2023-27/appx2.pdf

were inorganic phosphoric and fumaric acids, the content of 
which is 248.64 and 102.22 CU, respectively. The content of 
succinic, threonic, citric, ribonic, lactic, glyceric and ketoglu-
conic acids varied in the range from 17.82 to 75.72 CU. The 
concentration of gluconic, oxalic, maleic, glucaric, erythronic, 
pyruvic, dehydroabietinic, azelaic, tartaric and aconitic acids 
did not exceed 10 CU, citraconic and methylmalonic acids – 
0.11 CU. The use of green vegetable mass with a high content 
of malic, tartaric, citric, lactic and ascorbic acids in animal hus-
bandry and poultry farming as the main feed or feed additive 
improves the absorption of nutrients, and also has antibacterial 
effect, which has a positive effect on the weight gain of farm 
birds and animals (Rasmussen et al., 2012; Solovyeva et al., 
2019, 2020; Khan et al., 2022).

Lactone and phosphate forms of OA have been also identi-
fied. Lactone forms (erythrono1,4lactone, glucono 1,4-lac-
tone, glucono-1,5-lactone, on average 127.46 CU) are bio-
logically active forms of organic acids, capable of binding 
heavy metals, protecting the cell from damage. The presence 
of phosphate forms (gluconic acid-6-phosphate, on  average 
2.71 CU) (see Suppl. Material) reflects the activity of metabo
lic processes in the plant (Cañete-Rodríguez et al., 2016). 
Data analysis shows a significant content of OA in the green 
mass of cocksfoot. On average, it was 1819.48 CU, depend-
ing on the variety; it varied from 1074.83 to 2579.87 CU (see 
Suppl. Material). The lowest values of OA were observed 
in wild accessions i-152589 (the Republic of Karelia) and 
k-38088 (Pskov region). The highest – in wild accessions 
k-44349 (2454.37; Leningrad region), k-44021 and k-44020 
(2311.65, 2579.87; Norway), high content of malic: k-44349 
(1667.06; wild, Leningrad region), k-27863 (1524.16; Lenin-
gradskaya 853, Leningrad region), tartaric: k-43142 (3.51; 
wild, Yaroslavl region) citric: k-44354 (115.68; wild, the Re-
public of Komi), k-35060 (101.77; Neva, Leningrad region), 
lactic  acids: k-44349 (42.43; wild, Leningrad region), k-44354 
(40.10; wild, the Republic of  Komi), k-27863 (40.11; Lenin-
gradskaya 853, Leningrad region).

Phenol-containing compounds. PhC is one of the most nu-
merous classes of natural compounds with biological activity. 
The intensity of their accumulation depends on stress factors, 
plant age and light conditions (Misin et al., 2010; Maslen-
nikov et al., 2013). The accumulation of PhC is closely related 
to their function and development phase (Sazhina, Misin, 
2011). It is noted that PhC have pronounced antibacterial acti-
vity, therefore, accessions of forage crops with a high content 
of PhC can be used not only to create new stress-resistant 
varieties, but also as an effective supplement to the daily diet 
in animal husbandry and poultry (Mahfuz et al., 2021). High 
values of caffeic acid in plant tissues contribute to protection 
against the penetration of fungal pathogens into them (Balmer 
et al., 2013). A total of 19 PhC were found in the green mass 
of cocksfoot (see Suppl. Material): free phenolcarboxylic 
acids (benzoic – 1.37, nicotinic – 0.55, 4-hydroxybenzoic – 
0.65, protocatechuic – 2.20 and 2,3-dihydroxybenzoic – 0.09; 
average content – 4.86 CU), quinones (hydroquinone – 1.34, 
resorcinol – 1.19, pyrogallol – 3.04, and plumbagin – 1.01; 
average – 5.57), acyclic PhC (shikimic – 342,76 and quinic 
acids – 829,91; average content – 1172.67 CU) and phenyl-
propanoids (E)-4-hydroxycoric – 22.85, (E)-ferulic – 6.51, 
caffeic – 24.96, chlorogenic – 21.05, cryptochlorogenic – 4.26, 

https://vavilovj-icg.ru/download/pict-2023-27/appx2.pdf
https://vavilovj-icg.ru/download/pict-2023-27/appx2.pdf
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neochlorogenic – 10.05 acids, coniferyl alcohol – 17.22 and 
αtocopherol – 1.04; average – 106.99 CU). The predominant 
PhC were quinic and shikimic acids (64.28 and 26.55 % of 
the total PhC), which indicates the activity of the shikimate 
pathway of PhC synthesis, and may be associated with envi-
ronmental stress impacts (Misin et al., 2010). The amount of 
PhC in cocksfoot on average was 1292.06 CU and varied from 
165.27 to 1788.16 CU. In our study, the highest accumulation 
of  PhC was in three accessions: varieties Leningradskaya 253 
(k-27863), Tammisto (k-36566) and wild accession from Nor-
way (k44020) (1788.16, 1771.25, and 1783.67 CU), caffeic 
acid in Tammisto (45.26 CU; k-36566, Finland).

Carbohydrate composition. In the vegetative organs 
of forage grasses, the main products of photosynthesis are 
carbohydrates. Their nutritional value is determined by the 
amount of easily soluble carbohydrates – monosaccharides and 
sucrose. In our study, the total amount of sugars in cocksfoot 
averaged about 15 % of the dry mass, 71 % of which were re-
presented by monosaccharides. Fifteen sugars were identified 
in the studied cocksfoot accessions: 11 monosaccharides, four 
oligosaccharides – three disaccharides and one trisaccharide 
(see Suppl. Material). The sugar content in cocksfoot averaged 
4.00 (1.07–7.27) %. The majority of sugars were represented 
by monosaccharides – 2.85 (0.77–5.48) %, hexoses – 2.84 
(0.76–5.47) %, pentoses – 0.014 %. Oligosaccharides were 
represented by disaccharides – sucrose, maltose and rutinose; 
trisaccharides – raffinose. The amount of oligosaccharides  
was 1.15 (0.30–1.78) %, where sucrose was 1.13 %. Metabo-
li cally active derivatives of sugars are lactone (glucose-1,4-
lac tone), phosphate (glucose-1-phosphate) and methyl forms 
(methylmannoside, methylpentafuranoside, methylglucofu-
ranoside). The amount of sugar derivatives in cocksfoot was 
366.2 (28.31–790.37) CU (see Suppl. Material). A number of 
sugars, such as glucose, sucrose, and raffinose, can accumulate 
under the influence of stress factors and reflect the activity 
of plant protection mechanisms from their effects. The nutri-
tional value of feed is associated with a high sugar content, 
but raffinose has antinutritional properties (Solovyeva et al., 
2019, 2020). The highest sugar content was determined in 
the wild accession k-44020 (7.27 %; Norway), monosaccha-
rides (5.48 %), glucose (1755.90 CU), sucrose (1770.5 CU) 
in k44349 (wild, Leningrad region), raffinose in k43142 
(27,18; wild, Yaroslavl region); the lowest – in the wild ac-
cession i152589 (1.07 %; the Republic of Karelia), raffinose: 
k-48628 (2,09; Triada, Leningrad region).

Free fatty acids, acylglycerols and alkanes. The lipid 
complex of plants is represented by structural and reserve 
forms. Most of the lipids are found in the tissues of leaves and 
inflorescences; a lesser part is in the roots and stems of plants. 
During vegetation, the content of lipids decreases in the green 
mass, especially in the reproductive phase of development 
(No vikov, 2012). Eleven free fatty acids (FA) were identi-
fied in the green mass of cocksfoot: saturated (pelargonic, 
undecylic, palmitic, stearic, begenic, lignocerinic, cerotinic), 
unsaturated (oleic, linoleic, linolenic), hydroxyoctodecanoic 
acids and monoacylglycerols (MAG 1-C16:0; MAG 1-C18:0); 
and four alkanes (pentacosane, octacosane, nonacosane, hen-
triacontane) (see Suppl. Material). The high content of FA 
in the green mass of feed and feed additives has a positive 
effect on the growth and development of cattle (Shurson et 

al., 2015; Leiva, Granados-Chinchilla, 2020). The presence 
of monoacylglycerols and alkanes in plant tissues is associ-
ated with stress resistance (Solovyeva et al., 2019, 2020). The 
amount of free FA varied from 82.70 to 297.30 (on average 
185.69 CU). Lipids of forage grasses have a lot of unsaturated 
FA 53 % of the total amount of FA, including 39 % essential, 
so the cocksfoot has a high nutritional value for livestock 
feeding. The amount of monoacylglycerols ranged from 
8.82 to 19.37 CU (on average 14.43), alkanes – from 3.82 to 
30.07 CU (10.86) (see Suppl. Material). A high accumulation 
of FA was observed in wild accessions k-38088 (297.30 CU; 
Pskov region) and k-44021 (256.78; Norway). Variety Tam-
misto (k-36566) was distinguished by the content of essential 
FA (126.56 CU), acylglycerols are in k-44354 (19.37; wild, 
the Republic of Komi), paraffins – in k35060 (30.07; Neva, 
Leningrad region). The lowest FA values were observed in 
a wild accession from the Republic of Karelia (82.71 CU).

Polyols and phytosterols. Thirteen polyatomic alcohols 
were found in cocksfoot accessions. The range of variabi-
lity of identified polyatomic alcohols varied from 119.58 to 
269.02 CU (on average 179.87), most of them were related to 
sugar alcohols: glycerol, erythritol, trietol, xylitol, arabinitol, 
sorbitol, dulcitol, inositol (presented in three forms – chiro-
inositol, methylinositol and myo-inositol) and galactinol, 
their amount was 164.22 CU. The composition of alcohols 
also included amino alcohol (ethanolamine) and acyclic 
diterpene alcohol – phytol. The share of inositols was 25 % 
of the total amount of alcohols. Phytosterols (campesterol, 
stigmasterol, βsitosterol) were detected as well – 34.09 CU 
(range from 15.92 to 53.70) (see Suppl. Material). Among 
phytosterols, βsitosterol prevailed (24.57 CU). In addition, the 
phosphate forms of glycerol and inositol, and the products of 
glycerophospholipid metabolism (glycerol-5-phosphate, myo-
inositol2phosphate, in total – 20.26 CU) were identified. 
A high content of phytosterols, the quantitative and qualitative 
composition of polyols characterizes not only the feed value of 
the green mass (inositol and its derivatives), but also resistance 
to stress factors (dulcitol, galaktinol) (Noiraud et al., 2001; 
Solovyeva et al., 2019, 2020). The study revealed accessions 
with high alcohol content: Petrozavodskaya (269.02) and 
Tammisto (247.04), wild accession k-44021 (256.75) from 
Norway, inositol and its derivatives are in k-43142 (114.10; 
wild, Yaroslavl region) and k-44020 (105.70; wild, Norway), 
dulcitol is in k-44020 (63.90; wild, Norway), phytosterols and 
galaktinol – in k-36682 (53.70 and 85.79; VIK 61, Moscow 
region).

Glycosides. Biologically active secondary metabolites of 
plants include glycosides, playing an important role in plant 
protecting and interacting with other organisms. Antirrhino-
side and its derivatives are iridoids. They protect the plant from 
pathogens and pest insects: they repel leaf-eating and non-
pollinating insects. Derivative of antirrhinoside, antirride, has 
antimicrobial and fungicidal activity (Matveeva, Sokornova, 
2017). Lupeol (triterpenoid) has an estrogenic, androgynous, 
antimicrobial, and anticancer effect, and is used as a che-
motherapy drug for a number of diseases (Gallo, Sarachine, 
2009). Five glycosides were found: methylpentofuranoside, 
methylmannoside, methylglucofuranoside, antirrhinoside and 
lupeol (see Suppl. Material). The first three glycosides were 
discussed earlier in the section “Carbohydrate composition”. 
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Antirrhinoside and lupeol were not found in all the studied 
accessions. The maximum amount of antirrhinoside was found 
in variety Leningradskaya 853 (k-27863; 63.48 CU), lupeol – 
in wild accession k-38088 from Pskov region (14.69 CU).

Variability of metabolome  
in the studied accessions of cocksfoot
This study revealed significant variability in the metabolomic 
profiles of D. glomerate L. accessions. In the course of factor 
analysis of the correlation matrix, 13 factors were identified, 
covering a total of 99.3 % of variability. First four factors 
provide 70.6 % variability, the other nine, only 28.7 %. Fac-
tor 1 (27.4 % variance) correlates with the content of 48 out of 
126 compounds: 17 with an average (0.49 > D > 0.25) and 31 
with a high degree of determination (D ≥ 0.50), where coeffi-
cient of determination D = r2, and r is the loading of character 
on the axis. According to this factor 12 PhC, 4 phosphates, 
2 lactones, 2 sterols vary. Factor 2 (15.4 %) determines the 
variability of 26 compounds: 13 with an average and 13 with 
a high degree of determination. It is associated with the vari-
ability of 13 amino acids. By factor 3 (12.7 %), the content of 
19 compounds varies (5 with an average and 14 with a high 
degree of determination). By this factor varies the content of 
6 fatty acids and urea. Factor 4 (15.3 %) is associated with the 
variability of the content of 28 compounds: 13 with an ave-
rage and 15 with a high degree of determination. The largest 
number of compounds that vary by this factor are OA (9) and 
sugars (7). The following nine factors are asso ciated with the 
variation of a limited number of compounds. Factor 5 (4.8 %) 
is strongly correlated with H-quinone, nonacosan and penta-
cosane and glycerol. Factor 6 (5.3 %) is associated with varia-
tion of the amino acid tyrosine, ribose, altrose, sorbose and 
galactose sugars, and DHO-benzoic PhC. Factor 7 (3.0 %) is 
associated with the variation of alcohol trietol, alkane hentria-
contane and methylpentofuranoside glycoside. Methylphos-
phate, dulcitol, methylinositol, and sterol βstigmasterol 

vary by factor 8 (3.8 %). Factor 9 (4.1 %) causes variation of 
citric OA and pelargonic FA. Factor 10 (2.0 %) determines 
the variation of non-protein pipecolic amino acid, glycoside 
methylglucofuranoside, myo-inozitol-2-phosphate, linoleic 
FA and PhC ferulic acid. Variation of the octacosane alkane 
and the me-malonic OA occurs by factor 11 (2.7 %). Factor 12 
(1.8 %) determines the variability of the alcohol xylitol. The 
variation in the content of all metabolites is poorly related 
to factor 13 (1.1 %). Some compounds vary by two factors.

Thus, in the system of inter-population correlations between 
metabolites, four large pleiades of traits are distinguished 
(Fig. 1). The first pleiad is related primarily to the variation 
in the content of phenols and sterols; the second describes the 
variation in the content of amino acids, the third – fatty acids 
and urea; the fourth – lactones, organic acids and saccharides. 
Another eight factors describe the variability of relatively 
independent traits that are poorly correlated with traits from 
the main pleiades.

When using the Q-technique of factor analysis, only two 
groups of accessions are allocated: wild accession i-152589 
from the Republic of Karelia (Factor 2) and all other acces-
sions (Factor 1). The Ward′s method was used for the cluster 
analysis procedure. Based on the results of cluster analysis 
of metabolic profiles, five groups of accessions characterized 
by similar metabolomic profiles were identified: wild acces-
sion from Pskov region (k-38088); wild accession from the 
Republic of  Karelia (i-152589); wild accessions from Norway 
(k-44020) and (k-44021) and Leningrad region (k-44349); 
varieties Dvina, Khlynovskaya, Petrozavodskaya, Triada 
and wild accessions from Yaroslavl region (k-43142) and the 
Republic of Komi (k-44354); varieties Leningradskaya 853, 
Neva, Tammisto and VIK 61 (Fig. 2).

The group affiliation of the studied accessions of cocksfoot 
has a significant effect on the content of 100 metabolites out 
of 136 identified, i. e. the features of the MP of each of the 
groups. According to the results of the classical discriminant 
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Fig. 1. Average determination of groups of metabolites by the first four principal components of variation.
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analysis, “information value”, the following components 
reliably distinguishing the groups were identified: lupeol, 
monosaccharides, arabinose, raffinose, ethanolamine, erythri
tol, arabinitol. Four variables were identified that ensure the 
separation of accessions taken in the study: Root1 (arabinitol, 
ethanolamine), Root2 (arabinose, erythritol), Root3 (sum of 
monosaccharides), Root4 (sum of monosaccharides, arabini-
tol). The most obvious separation of accessions was obtained 
in the Root2 and Root3 axes (Fig. 3).

The first group is characterized by a high content of fatty 
acids, PhC and polyatomic alcohols, and a low content of 
glycosides; the second group – by a high content of most 
amino acids and a low content of sugars and sterols. The third 

group, consisting of three wild accessions, is characterized 
by an increased content of organic acids and sugars. Early-
maturing accession from Norway (k-44020) also showed a 
high content of free amino acids, as well as a late-maturing 
wild accession from the Republic of Karelia (i-152589). The 
first one attracts attention as material for creating latematuring 
variety, herbal mixes with legumes. Its cutting ripeness occurs 
during the budding of clover and alfalfa in the North-West of 
the Russian Federation. These three groups of wild cocksfoot 
are characterized by a high content of proline and threonine, 
amino acids that are associated with resistance to stress in 
response to adverse abiotic factors (Ibragimova et al., 2010; 
Pandyan et al., 2018).
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Fig. 2. Classification of cocksfoot accessions by the content of metabolites (cluster analysis, Ward’s method).
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Fig. 3. Differentiation of cocksfoot accessions by the content of metabolites (general discriminant analysis).
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Wild cocksfoot accessions showed a higher resistance and 
responded to this stressful situation by accumulating proline. 
On the other hand, a lesser proline and threonine accumulation 
and lesser resistance to drought of varieties is a consequence 
of the process of “domestication”, when the selection in the 
population was carried out only for economically valuable 
traits. In this case, the resistance of varieties to stress factors 
may decrease. The fourth group is characterized by average 
values of the content of most compounds. Varieties Dvina and 
Petrozavodskaya created from local wild populations; variety 
Khlynovskaya – by “free-limited” cross-pollination of local 
Dedinovskaya from Moscow region. Wild accessions from this 
group are from the Republic of Komi (k-44354) and Yaroslavl 
region (k-43142). In this case, it is impossible to explain the 
grouping of accessions from geographically remote locations 
into one group. In the fifth group, consisting exclusively of 
selective varieties, there is a high content of sugars and PhC 
and a low content of phosphates. Two varieties from the fifth 
group (Leningradskaya 853 and Neva) were derived from wild 
populations of cocksfoot from Leningrad region, VIK 61 – by 
re-pollination of a wild accession from the foothills of the 
Caucasus with wild accessions from the non-Chernozem zone; 
the pedigree of variety Tammisto from Finland is unknown. In 
this group, there were only two varieties originating from one 
common region. A generalized discriminant analysis model 
was used to evaluate the degree of differentiation of the se-
lected groups of accessions by metabolomic profiles. The final 
discriminant functions included nine indicators: the content of  
lupeol, erythrono-1,4-lactone, glucono-1,4-lactone, methyl-
malonic acid, pyrogallol, glucosamine, maltose, ethanolamine, 
and the sum of PhC. The predicted classification based on the 
constructed functions gives 100 % correct solutions. Thus, 
the proposed hypothesis about the similarity of metabolomic 
sections in accessions from a common territory and having 
similar genotypes is only partially confirmed.

The study of the metabolomic profiles of this culture has 
been scarcely carried out, as was noted in the work devoted to 
the study of the features of MP of D. glomerata, conducted by 
M. Mandrone et al. The researchers noted the importance of 
studying MP to identify the effectiveness of the response of a 
plant organism to environmental stress, as well as phylogenetic 
features of culture. The association of high concentrations of 
valine, asparagine, phenylalanine, fumaric acid and PhC with 
stressful growth conditions of D. glomerata, in particular with 
drought and increased salt content in the soil of volcanic rocks 
and the presence of volcanic gases, was noted (Mandrone et 
al., 2022). The comparison of the data obtained by Italian 
researchers with our results is rather conditional, since other 
research methods were used in the work of M. Mandrone et 
al.: UHPLC−MS, NMR analysis and spectorophotometry. 
However, they established the prevalence of fumaric acid in 
the MP of D. glomerata, which coincides with our data. The 
researchers also stressed that increased stress exposure leads 
to an increase in the accumulation of PhC. S. Rasmussen et al. 
(2012) noted that there is an increase in quinic and shikimic 
acid, phytosterols and raffinose in the MP forms of Lolium 
perenne, resistant to drought. In the current study, quinic and 
shikimic acids were established as dominant in the group of 
PhC of MP. Accessions of D. glomerata with the highest con-

centration of phytosterols, raffinose and quinic and shikimic 
acid were identified as potentially resistant to stress. In the 
article of D. Balmer et al. (2013), it is shown that high values 
of caffeic acid in the tissues of cereal crops protect the plant 
from fungal pathogens. That was taken into account when 
we distinguished economically significant D. glomerata 
accessions. The same compounds dominate among organic 
acids, oligosaccharides, phytosterols and PhC in the MP of 
cocksfoot and oat seedlings and green mass of peavine previ-
ously studied by us (Solovyeva et al., 2019, 2020; Loskutov 
et al., 2021). In the MP of oat and cocksfoot seedlings in the 
group of polyols and FA, the main substances are isomers of 
inositol and linoleic and palmitic acids, peavine and cocks-
foot – glycosides: methylglucoside (Loskutov et al., 2021). 
An iridoid glycoside – antirrhinoside was detected in both 
the green mass of peavine and cocksfoot (Solovyeva et al., 
2019, 2020). There are significant differences in the qualitative 
composition of the other groups. These differences in MP of 
different cultures make it possible to assert that MP reflects 
the specific features of a culture.

Conclusion
As a result of the study, new data on the qualitative and quan-
titative composition of MP of D. glomerata was obtained. 
With the help of discriminant analysis, the most significant 
indicators of the MP of the green mass of D. glomerata were 
established. Accessions combining feed value with stability 
indicators were identified (i152589, k27863, 35060, 36566, 
43142, 44020, 44349, 44354), as well as those with high 
indicators of feed value (k-38088, 38648, 44021, 48628) and 
anti-stress factors (k-27863, 36682, 38088), suitable for breed-
ing highly nutritious varieties resistant to abiotic factors. The 
study confirms the potential of D. glomerata as a promising 
forage crop. We have confirmed that the optimal plant stage 
for feeding animals is the stage of heading, when the content 
of nutrients is high and at the same time the stems of plants 
are not yet coarsened. But additional research is required to 
identify changes in metabolites at different stages of cocks-
foot’s life cycle.
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Abstract. Alkaloid content was assessed in the seeds of 59 narrow-leafed lupine (Lupinus angustifolius L.) accessions 
from the VIR collection in the environments of Leningrad Province. The selected set included accessions of different 
statuses (wild forms, landraces, and advanced cultivars) and different years of introduction to the collection. Alkaloids 
were analyzed using gas-liquid chromatography coupled with mass spectrometry. Concentrations of main alkaloids: 
lupanine, 13-hydroxylupanine, sparteine, angustifoline and isolupanine, and their total content were measured. The 
total alkaloid content variability identified in the seeds of the studied set of accessions was 0.0015 to 2.017 %. In most 
cases, the value of the character corresponded to the accession’s status: modern improved cultivars, with the exception 
of green manure ones, entered the group with the range of 0.0015–0.052 %, while landraces and wild forms showed 
values from 0.057 to 2.17 %. It is meaningful that the second group mainly included accessions that came to the collec-
tion before the 1950s, i. e., before the times when low-alkaloid cultivars were intensively developed. Strong variability 
of the character across the years was observed in the accessions grown under the same soil and climate conditions in 
both years. In 2019, the average content of alkaloids in the sampled set was 1.9 times higher than in 2020. An analysis of 
weather conditions suggested that the decrease in alkaloid content occurred due to a significant increase in total rain-
fall in 2020. Searching for links between the content of alkaloids and the type of pod (spontaneously non-dehiscent, 
or cultivated, spontaneously dehiscent, or wild, and intermediate) showed a tendency towards higher (approximately 
twofold in both years of research) total alkaloid content in the accessions with the wild pod type and the nearest inter-
mediate one compared to those with the pod non-dehiscent without threshing. The correlation between the average 
total alkaloid content and seed color, reduced to three categories (dark, or wild, light, or cultivated, and intermediate), 
was significantly stronger in the group with dark seeds (5.2 times in 2019, and 3.7 times in 2020). There were no signifi-
cant differences in the percentage of individual alkaloids within the total amount either between the years of research 
or among the groups with different pod types or the groups with different seed coat colors.
Key words: narrow-leafed lupine; alkaloids; domestication traits; spontaneously dehiscent pods; nondehiscent pods; 
seed color.
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Изменчивость содержания алкалоидов  
в семенах люпина узколистного у образцов коллекции ВИР  
в условиях Северо-Запада Российской Федерации
М.А. Вишнякова , А.В. Саликова, Т.В. Шеленга, Г.П. Егорова, Л.Ю. Новикова
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Аннотация. Изучали содержание алкалоидов в семенах люпина узколистного (Lupinus angustifolius L.) у 59 образ-
цов из коллекции ВИР в условиях Ленинградской области. В выборку были включены образцы разного статуса 
(дикие формы, староместные сорта, сорта научной селекции) и различных лет поступления в коллекцию. Алка-
лоиды определяли методом газожидкостной хроматографии, сопряженной с масс-спектрометрией. Определе-
ны концентрации основных алкалоидов в семенах: люпанина, 13-гидроксилюпанина, спартеина, ангустифолина, 
изолюпанина и их суммарное содержание. Выявленная изменчивость суммарного содержания алкалоидов в се-
менах изучаемой выборки составляла 0.0015–2.017 %. В большинстве случаев значение признака соответ ствует 
статусу образца: сорта современной селекции, за исключением сидеральных, входят в группу с показателями 
0.0015–0.052 %, в то время как старые, местные сорта и дикие формы имеют значения 0.057–2.17 %. Характер-
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но, что ко второй группе относятся преимущественно образцы, поступавшие в коллекцию до 1950-х гг., т. е. до 
периода активной селекции низкоалкалоидных сортов. Отмечена сильная межгодовая изменчивость признака 
у образцов, выращиваемых в одних и тех же почвенно-климатических условиях в течение двух лет. В 2019 г. 
в среднем по выборке содержание алкалоидов было в 1.9 раза выше, чем в 2020 г. Анализ погодных условий 
вегетации позволяет предположить, что снижение содержания алкалоидов произошло за счет значительного 
увеличения суммы осадков в 2020 г. При поиске связей содержания алкалоидов с типом боба (не вскрывающий-
ся без обмолота – культурный, спонтанно вскрывающийся – дикий и промежуточный) наблюдается тенденция к 
более высокому (примерно в 2 раза в оба года исследования) суммарному содержанию алкалоидов у образцов 
с диким типом боба и приближенным к нему промежуточным по сравнению с не вскрывающимся без обмолота 
бобом. Связь среднего суммарного содержания алкалоидов с окраской семени, сведенной к трем категориям 
(темная – дикая, светлая – культурная и промежуточная), была достоверно выше у группы с темными семенами: 
в 5.2 раза в 2019 г. и в 3.7 раза в 2020 г. Не обнаружено достоверных различий процентного содержания отдель-
ных алкалоидов в общей сумме алкалоидов как между годами исследования, так и между группами с различным 
типом боба и с разной окраской семени.
Ключевые слова: люпин узколистный; алкалоиды; признаки доместикации; спонтанно вскрывающийся боб; 
 невскрывающийся боб; окраска семени.

Introduction 
Narrow-leafed lupine (Lupinus angustifolius L., Fabaceae) is a 
species that has been cultivated as a crop for feed and food for 
less than 100 years. It was exploited for centuries as a green 
manure crop. Feeding the seeds of this high-protein plant to 
animals was possible only after soaking them in water with 
repeated water changes to extract antinutritional compounds – 
a complex of quinolizidine alkaloids. It was this feature that 
limited the use of the plant in fodder production, since alka-
loids added bitterness to the feed and in high concentrations 
were toxic to animals and humans. 

The development of fodder cultivars was triggered by the 
discovery of low-alkaloid mutants (Sengbusch, 1931, 1942) 
and identification of the recessive mutations determining this 
trait: iucundus, esculentus, and depressus (Hackbarth, Troll, 
1956). This event genetically underpinned the development of 
low-alkaloid forms and was regarded as the beginning of the 
species’ domestication (Gladstones, 1970). Nowadays, many 
fodder cultivars have been released for animal feed purposes 
and the possibility to use narrow-leafed lupine seeds in food 
production emerged (Vishnyakova et al., 2020). 

The polymorphism of alkaloid content observed before 
the discovery of said mutants among wild forms of narrow-
leafed lupine was 0.4–3.0 % dry weight (DW) for seeds and 
0.3–0.5 % DW for herbage (Święcicki W., Święcicki W.K., 
1995; Brummund, Święcicki, 2011). After the release of nu-
merous cultivars based predominantly on one iuc mutation, 
this polymorphism significantly increased. In a recent study 
by Polish scientists, who analyzed 329 lupine accessions, 
the character’s variability was recorded within the range 
from 0.0005 to 2.8752 % (Kamel et al., 2016). Currently, the 
threshold value for the content of alkaloids in seeds of food 
or feed lupine cultivars in a number of European countries 
and Australia is no more than 0.02 % DW (Frick, 2017). 
In Russia, the permissible level of alkaloid content ranges 
from 0.1 to 0.3 % DW for seeds of fodder lupine (State Stan-
dard R 54632-2011, 2013) and 0.04 % for food lupine seeds 
(according to the existing technical specifications developed 
by the Research Institute of  Lupine (Specification No. 9716-
004-0068502-2008). 

In routine practice, the content of alkaloids in seeds at the 
level of 0.05 % is considered the boundary value to distin-

guish between high-alkaloid (bitter) and low-alkaloid (sweet) 
lupines (Lee et al., 2007). 

The content of alkaloids is very responsive to the impact 
of environmental factors, such as droughts, air temperature, 
geographic location, insolation level, agricultural practices, 
and the presence of pathogens (Christiansen et al., 1997; 
Cowling, Tarr, 2004; Ageeva et al., 2020). Moreover, the 
concentration of alkaloids in seeds of the same genotype 
under different growing conditions can show at least twofold 
variation, reaching even a tenfold increase, thus exceeding 
the required alkaloid content threshold and turning lupine 
genotypes traditionally classified as sweet into bitter ones 
(Cowling, Tarr, 2004; Reinhard et al., 2006; Romanchuk, 
Anokhina, 2018).

Along with a radical reduction of seed alkaloid content, the 
crop’s breeding improvement includes elimination of sponta-
neous pod dehiscence (opening) determined by the le (lentus) 
and ta (tardus) alleles, introgression of the genes responsible 
for early flowering and the absence of the need for vernaliza-
tion (Jul and Ku ) into the genotypes of cultivars as well as 
the genes controlling seed coat permeability (moll – mollis), 
and white color of flowers and seeds (leuc – leucospermus) 
(Taylor et al., 2020). 

The narrow-leafed lupine collection held by VIR includes 
887 accessions from 26 countries. There are 261 cultivars 
developed by scientific breeding, 370 genotypes representing 
breeding material, 142 landraces and local varieties, 55 wild 
forms, and 50 accessions with an unclear status (Vishnyako-
va et al., 2021). The diversity of breeding statuses and the 
presence of wild relatives provide a rather motley picture of 
the presence/absence of domestication traits in the collec-
tion’s accessions. Many accessions have pods spontaneously 
dehiscent to various degrees, and all seed colors known for 
this species are present. Such versatility makes it possible 
to trace whether there are links among domestication traits 
in the accessions. Therefore, the objective of this study was 
to identify the degree of variability in the concentration of 
alkaloids in narrow-leafed lupine seeds under the impact of 
growing conditions during two years of research and analyze 
correlations of this character with seed color and the degree 
of sponta neous pod dehiscence in a set of accessions from 
the VIR collection. 
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Fig. 1. Weather conditions during the experiment: a – mean monthly air temperature; b – monthly precipitation amount.
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Materials and methods
Material. A set of 59 narrow-leafed lupine accessions from 
the VIR collection (Supplementary Material)1, grown in the 
ex perimental fields of  VIR (Pushkin, St. Petersburg) for two 
field seasons (2019–2020), served as the material for this study. 
The set consisted of accessions from 20 countries included in 
the collection in different years and having different breed-
ing statuses: scientifically improved cultivars, local varieties, 
breeding lines, and wild forms. 

Weather conditions during the experiment. The sums of 
active temperatures amounted to 1966 °С in 2019, and 2052 °С 
in 2020. Precipitation amounts for the period with tempera-
tures above 10 °С were 175 mm in 2019, and 293 mm in 2020. 
Mean values for the last 30 years (1992–2021) were 2209 °C 
and 306 mm, respectively. Thus, the years of research were 
cooler and drier than the long-term average. The precipitation 
amount during the active growing season in 2019 was lower 
by 118 mm, or 1.7 times, than in 2020, with a comparable 
heat supply. Differences between the years in the precipitation 
amounts were particularly significant during the pod ripen-
ing period: 58 mm vs. 91 mm in July, and 25 mm vs. 97 mm 
in August, respectively. Air temperatures and precipitation 
amounts by months are shown in Fig. 1.

Alkaloid content measurement in seeds. Each accession 
selected for the study was represented by 8 plants. An average 
sample (30 g) was taken from the mixture of seeds. The seeds 
were ground to flour (50–100 µm) in a Lab Mill 1 QC-114 
(Hungary). The qualitative and quantitative compositions of 
alkaloids in narrow-leafed lupine seeds were assessed ac-
cording to a previously published protocol (Kushnareva et 
al., 2020). 

Ethyl acetate (8 mL) and 15 % NaOH solution (2 mL) were 
added to a 500 mg sample of flour and incubated at +6 °C for 
18 hours. The resulting extract, containing alkaloids in the 
form of bases, was separated from the precipitate by filtration 
through a paper filter. A solution of caffeine in ethyl acetate 
(1 mg/mL) was used as an internal standard. The composition 
of alkaloids was analyzed using gas-liquid chromatography 
coupled with mass spectrometry on an Agilent6850 A chro-
1 Supplementary Matherial is available in the online version of the paper:  
http://vavilov.elpub.ru/jour/manager/files/Suppl_Vishnyakova_Engl_27_2.pdf

matograph (Agilent Technologies, Santa-Clara, CA, USA). 
The mixture was separated on an AgilentHP-5MS capillary 
column (5 % phenyl, 95 % methylpolysiloxane; 25 µm). Heat-
ing program: +170 °C to +320 °C, heating rate: 4 °C/min. 
Temperature of the mass spectrometer detector: +250 °C, in-
jector temperature: +300 °C, injected sample volume: 1.2 μL, 
carrier gas (helium) flow rate: 1.5 mL/min. Chromatogram 
recording started after 4 min, which was necessary for the 
solvent to exit, and continued for 38 min. The analysis was 
performed in three analytical replicates.

Compounds were identified using the AMDIS program 
(Automated Mass Spectral Deconvolution and Identifica-
tion System, National Institute of Standards and Technology, 
USA, Version 2.69, http://www.amdis.net). The NIST 2010 
library (National Institute of Standards and Technology, USA, 
http:// www.nist.gov) was employed for the analysis.

Alkaloid content was calculated according to the inter-
nal standard (caffeine, concentration: 1 µg/µL) using the 
UniChrom 5.0.19 program. The results of alkaloid content 
(absolute values) in narrow-leafed lupine seeds are given in 
mg/100 g DW. The percentage (%) of alkaloids (relative va-
lues) was calculated taking into account the proportion of an 
individual compound in the total alkaloid content, the latter 
being the sum of alkaloid values in an accession (mg/100 g 
DW). Mean values were calculated taking into account the 
resulting data of analytical replicates for each accession (see 
Supplementary Material). 

The presence/absence of spontaneous pod dehiscence was 
assessed. It is better to describe this character shortly after 
harvesting, before the pods have reached the air-dry state, 
which provokes dehiscence even in such pods that were closed 
at the time of harvesting. Under our conditions, however, dry 
pods were assessed. On the one hand, it helped to reliably 
identify the type of pods nondehiscent without threshing; on 
the other hand, it hampered unambiguous identification of the 
pod opening time: whether the dehiscence of pods happened at 
harvesting or after complete drying. Therefore, this character 
was ranked according to the nature of the valves. The wild type 
(spontaneously dehiscent pods) had twisted valves (type 1). 
The cultivated type (nondehiscent pods) had flat valves, com-
pletely closed or slightly open (type 3). The remaining pods 

http://vavilov.elpub.ru/jour/manager/files/Suppl_Vishnyakova_Engl_27_2.pdf
http://vavilov.elpub.ru/jour/manager/files/Suppl_Vishnyakova_Engl_27_2.pdf
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Table 1. Mean alkaloid content in the set of 59 narrow-leafed lupine accessions for two years of research (Pushkin, 2019–2020) 

Concentration of alkaloids in seeds 2019 2020

Mean Min Max Mean Min Max

Total alkaloids mg/100 g DW 501.7 ± 80.7    4.0 2017.4 263.6 ± 38.6 1.7 898.8

Lupanine mg/100 g DW 389.7 ± 62.5    3.1 1573.0 203.4 ± 29.8 1.4 729.0

%    78.1 ± 0.4 73.1 85.4    77.8 ± 0.5 70.0 84.3

13-Hydroxylupanine mg/100 g DW    59.0 ± 10.1    0.3 273.2    31.3 ± 4.8 0.1 115.5

%    11.5 ± 0.4    6.4 17.2    11.7 ± 0.4 6.7 17.2

Sparteine mg/100 g DW    41.9 ± 6.9    0.2 173.4    23.0 ± 3.6 0.1 85.2

%      8.2 ± 0.3    4.4 12.0      8.3 ± 0.2 4.0 12.6

Angustifoline mg/100 g DW      6.8 ± 1.2    0.1 35.4      3.6 ± 0.6 0.0 15.0

%      1.3 ± 0.1    0.7 2.0      1.3 ± 0.1 0.7 1.9

Isolupanine mg/100 g DW      4.4 ± 0.8    0.0 23.8      2.4 ± 0.4 0.0 9.3

%      0.9 ± 0.0    0.5 1.4      0.9 ± 0.0 0.5 1.3

were open-valve, but flat or with some tendency to curl: they 
were classified into the intermediate type (type 2). A certain 
conventionality of the latter type and its closeness to the spon-
taneously dehiscent pod type should be recognized. 

The seed coat color was also divided into three categories: 
dark (1), intermediate (2), and light (3). 

Statistical processing. MS Excel programs and the Sta-
tistica 13.3 package (TIBCO Software Inc., USA) were used 
for data visualization. Statistical analysis was made in the 
Statistica 13.3 package. 

Statistical significance of differences in alkaloid content in 
2019 and 2020 was studied using Student’s t-test for dependent 
(paired) samples (Dospekhov, 1973; Khalafyan, 2010). The 
difference in the characteristics of an accession in two ver-
sions of the experiment was calculated (in our case, between 
the years of research) and the significance of the mean dif-
ference of the accessions from zero was assessed using the 
t-test. Such criterion is more precise than a comparison of the 
differences between the means of independent samples, as it 
does not depend on the nature of the indicator’s distribution 
within the sample. 

The average alkaloid contents in three groups of accessions 
with different pod types were compared using the analysis of 
variance; the same approach was applied for the groups with 
different seed colors. Correlation coefficients were calculated 
for alkaloid content separately in 2019 and 2020. The strength 
of correlations was assessed according to B.A. Dospekhov 
(1973): if the correlation coefficient is higher than 0.7 in its 
absolute value, it is strong; from 0.3 to 0.7, it is medium; less 
than 0.3, it is weak. The significance level of 5 % was adopted 
for this study.

Results 
Previously, the authors tested extraction techniques on al-
kaloids from leaves of the green manure cultivar Oligarkh 
(k- 3814) reproduced in 2018 (Pushkin) and clarified the 

qualitative composition of its alkaloid complex. The cultivar’s 
leaves contained five alkaloids: lupanine (L), 13-hydroxylupa-
nine (H), angustifoline (A), sparteine (S), and isolupanine (I), 
plus traces of their derivatives or unidentifiable alkaloids 
numbering up to 120 in narrow-leafed lupine (Frick et al., 
2017). The qualitative composition of main (detectable) alka-
loids in seeds identified in the present study corresponded to 
our previous findings for vegetative organs. Their content in 
seeds varied as follows: 70.0–85.4 % for L, 6.4–17.2 % for H, 
0.7–2.0 % for A, 4.0–12.6 % for S, and 0.5–1.4 % for I. The 
variability of the total alkaloid content was 0.0015–2.017 % 
(Table 1, see Supplementary Material). 

The mean alkaloid level in the accessions was 501.7 mg/100 g 
DW in 2019, which was significantly (by 90.5 %) higher 
than the same value for the seeds reproduced in 2020 – 
263.6 mg/100 g DW (statistical significance of differences 
according to Student’s t-test for dependent samples was 
p = 0.009). In 2020, a decrease in the mean alkaloid content 
values was observed: L was 389.7 in 2019 vs. 203.4 in 2020 
( p = 0.008); H: 59.0 vs. 31.3 ( p = 0.014); S: 41.9 vs. 23.0 
( p = 0.017); A: 6.8 vs. 3.6 ( p = 0.014); I: 4.4 vs. 2.4 ( p = 0.023) 
(see Table 1 and Supplementary Material). 

However, the amount of alkaloids in eight accessions 
(k-3172, 3457, 3947, 3607, 3526, 1546, 2856, and 3062) 
increased in 2020 compared to 2019. 

L content increased in 6 accessions, H in 13, S in 12, A in 9, 
and I in 10. It should be mentioned that, according to the In-
ternational COMECON list of descriptors for the genus Lu
pinus L. (Stepanova et al., 1985), five accessions from this 
group were classified as having “very low” alkaloid content 
(its amount in seeds was less than 25 mg/100 g), two as “me-
dium” (from 100 to 300 mg/100 g), and only one accession 
(cv. Oligarch, k-3814) had “very high” content (more than 
300 mg/100 g). Characteristically, the accessions with very 
low or medium alkaloid content manifested insignificant 
differences across the two years: for example, k-2856 had 
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Fig. 2. Alkaloid content in seeds of 59 narrow-leafed lupine accessions in the two years of research.

279.1 and 280.9 mg/100 g DW (0.7 %); k-3607, 21.2 and 
23.2 mg/100 g DW (1.1 %); k-3172, 5.3 and 6.8 mg/100 g DW 
(1.3 %), respectively (Fig. 2). 

The character’s low variability in low-alkaloid lupine forms, 
as observed above, was characteristic of all low-alkaloid ac-
cessions in the tested set, regardless of the increase or decrease 
in alkaloid concentrations across the years of research (see 
Fig. 2). Meanwhile, alkaloid content values remained within 
the established range: none of the sweet accessions with al-
kaloid content below 50 mg/100 g exceeded those values and 
did not shift into the bitter category. For example, the amount 
of alkaloids in cv. Yan (k-3832) was 7 mg/100 g in 2020 and 
4.7 times higher (34 mg/100 g) in 2019. 

Cv. Gerkules (k-3923) had 20 mg/100 g in 2020, and a more 
than twice higher amount in 2019 (47 mg/100 g), but in both 
cases the cultivar remained in the sweet category. 

On average for the studied set of accessions, the proportion 
of individual alkaloids varied insignificantly over the years. 
The relative content of L in 2019 and 2020 was 78.1 and 
77.8 %; H: 11.5 and 11.7 %, and S: 8.2 and 8.3 %, respectively. 
The shares of A (1.3 %) and I (0.9 %) in the composition of 
alkaloids did not change during the period of research. Thus, 
the relative content of individual alkaloids may be recognized 
as a fairly constant indicator. 

A strong correlation was observed between the absolute 
content values (mg/100 g) of individual alkaloids: 0.89–0.96 
in 2019 and 0.88–0.95 in 2020. The correlation between the 
amounts of individual compounds and total alkaloids was 
0.94–0.999. The strongest relationship was observed between 
the total alkaloid content and L values: 0.999 in 2019 and 
0.998 in 2020. 

Pairwise correlations between the percentage (relative) 
contents of the studied alkaloids were mostly insignificant; 
no systematic shifts in the alkaloid composition structure 
were observed over the years. A t-test for dependent samples 
showed a significance level of differences in the percentage of 
individual alkaloids: from p = 0.063 to p = 0.082. Variations 

of alkaloid composition in individual accessions were in-
duced by changes in the representation of two main alkaloids,  
L and G: an increase in the proportion of one led to a decrease 
in the proportion of the other. Meanwhile, lupanine remained 
dominant in the composition of alkaloids in narrow-leafed  

lupine. 
The types of pod dehiscence and seed coat color were ana-

lyzed for 45 accessions from the studied set. Twelve accessions 
were classified according to their pod characteristics into 
type 1 (wild, with twisted valves), 16 into type 2 (interme-
diate), and 17 into type 3 (nondehiscent without threshing) 
(Fig. 3 and Supplementary Material). There were no signifi-
cant differences among the groups of accessions with diffe-
rent pod types in either the absolute or relative alkaloid con- 
 tent (Table 2, Fig. 4). With this in view, in both years of re-
search, the highest alkaloid content was recorded for type 1 
(693.7 mg/100 g DW in 2019, and 345.3 mg/100 g DW in 
2020), and the lowest, for type 3 (320.3 mg/100 g DW in 2019, 
and 200.1 mg/100 DW in 2020). Medium values were shown 
for type 2 (612.1 mg/100 g DW in 2019 and 300.7 mg/100 g 
DW in 2020).

Consequently, higher total alkaloids were characteristic 
of the accessions with the wild pod type. They exceeded the 
accessions with the nondehiscent pod type 2.3 (2019) and 
1.8 times (2020). However, taking into account the high 
va riability in the absolute and relative content of individual 
alkaloids and their total amount, no significant differences 
were observed among the groups (see Table 2, Fig. 4). The 
contributions of individual alkaloids to the total content did 
not depend on the pod type. 

According to the color of the seed coat, 15 accessions were 
characterized as dark-seeded, 19 were of the intermediate type 
(between dark and light), and 11 were light-seeded. 

Differences in the studied traits among the above-mentioned 
groups were assessed as statistically significant at a 10 % sig-
nificance level. In 2019, all three groups significantly differed 
from each other in the following parameters: L ( p = 0.063), 
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Table 2. Total content of alkaloids in the groups of lupine accessions with different pod types

Pod type Number  
of accessions

2019 2020 

Mean Min Max Mean Min Max

Wild 12 693.7 ± 180.9 5.7 1508.7 345.3 ± 90.6 2.9 692.9

Intermediate 16 612.1 ± 183.2 5.3 2017.4 300.7 ± 78.6 4.3 736.3

Cultivated 17 320.3 ± 136.3 6.0 1976.8 200.1 ± 74.1 4.4 898.8

Total 45 523.6 ± 96.9 5.3 2017.4 274.6 ± 46.2 2.9 898.8

Fig. 4. Total alkaloid content in lupine groups with different pod types 
in 2019 and 2020. 
Pod type designations: 1 – wild; 2 – intermediate; 3 – cultivated.

1 2 3

Fig. 3. The types of narrow-leafed lupine pods according to their ability to dehisce spontaneously.
Pod type designations: 1 – wild; 2 – intermediate; 3 – cultivated (nondehiscent without threshing). 
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H ( p = 0.066), S ( p = 0.070), I ( p = 0.075), and total alka-
loids ( p = 0.062) (Table 3, Fig. 5); in 2020, in L ( p = 0.083), 
H ( p = 0.055), S ( p = 0.060), and total alkaloids ( р = 0.074). 
For A and I, significance levels of differences were 0.108 
and 0.130, respectively. The highest values of the total 
alkaloid content were recorded for the dark-seeded group 
(660.4 mg/100 g DW in 2019 and 334.4 mg/100 g DW in 
2020), while the lowest values were found in the light-seeded 
group (125.9 mg/100 g DW in 2019 and 90.6 mg/100 g DW 
in 2020) (see Table 3, Fig. 5). 

Significant differences at a 5 % level were observed be-
tween the 1st and 3rd contrasting groups of accessions: in 
2019 for all indicators (L, H, S, A, I, and total alkaloids), 
and in 2020 for L, H, S, and total alkaloids. The dark-seeded 
group exceeded the light-seeded one in the mean value of 
total alkaloids 5.2 times in 2019 ( p = 0.023) and 3.7 times  
in 2020 ( p = 0.030). 

Differences among the three color groups in the percent 
contribution of individual compounds to the total content 
of alkaloids were statistically insignificant ( p > 0.462). No 
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Table 3. Total alkaloid content in the groups of lupine accessions with different seed colors

Seed color Number  
of accessions

2019 2020

Mean Min Max Mean Min Max

Dark 15 660.4 ± 176.1 8.8 1976.8 334.4 ± 78.2 5.2 658.2

Intermediate 19 646.0 ± 161.5 6.0 2017.4 333.9 ± 77.2 4.3 898.8

Light 11 125.9 ± 88.3 5.3    975.2    90.6 ± 61.0 2.9 648.4

Total 45 523.6 ± 96.9 5.3 2017.4 274.6 ± 46.2 2.9 898.8

Fig. 5. Total alkaloid content in lupine groups with different seed colors 
in 2019 and 2020. 
Seed color group designations: 1 – dark-seeded; 2 – intermediate; 3 – light-
seeded.
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significant differences were recorded between the groups 
contrasting in seed color (dark and light) during the period of 
research ( р > 0.237). Thus, lupine accessions with different 
seed coat colors significantly differ from each other in the total 
content of alkaloids, while their alkaloid composition can be 
recognized as constant. 

Discussion
The analysis of alkaloid content in narrow-leafed lupine seeds 
from the VIR collection disclosed high variability of this 
character. In the selected set of 59 accessions, there were ge-
notypes with minimum (0.0015 %) and maximum (2.017 %) 
values of this indicator: Cv. Danko from Belarus (k-2949) and 
an Australian breeding line (k-3623), respectively. The acces-
sions were divided into two groups according to their alkaloid 
content: low-alkaloid (alkaloid content in seeds was below 
0.05 %), and high-alkaloid (alkaloid content was equal to or 
above 0.051 %). The first group included 28 accessions, repre-
senting breeding lines and cultivars that entered the collection 
after 1950, mainly from Russia, Belarus, and Australia. The 
second group consisted of accessions received before 1950: 
local varieties, improved cultivars and lines from Germany, 
United Kingdom, Poland, and Latvia. In addition, it included 
wild genotypes from Greece and Spain. 

It should be mentioned that in the high-alkaloid group there 
were several improved cultivars of contemporary breeding, 
for example, cv. Oligarkh (k-3814, Leningrad Research Agri-
culture Institute) grown for green manure, and the Australian 
breeding line (k-3623) also, apparently, developed for green 
manure purposes. Cultivars intended to be used as green 
manure have high vegetative weight and, as a rule, low seed 
productivity. These features were observed in cv. Oligarkh, 
characterized by rapid initial growth, early maturation, and 
good leafiness, which ensures high yields of green biomass 
and readiness for plowing 50–60 days after sowing (Lysen-
ko, 2020). Such cultivars are usually developed without any 
regard to the content of alkaloids, and they may appear non-
uniform in this indicator. Sporadic low-alkaloid genotypes, 
in their turn, occur among wild lupine forms, for example, in 
accessions k-3607 (Spain) and k-3457 (Greece), the alkaloid 
content of which did not exceed 0.021 %, thus classifying 
them as sweet forms of narrow-leafed lupine.

Our data are quite in agreement with the results obtained by 
Polish scientists who screened the collection of narrow-leafed 
lupine maintained at the Polish genebank and found low- al-
ka loid genotypes in the group of wild accessions where the 
range of this character was 0.0163–2.8752 % DW. Contrari-

wise, high-alkaloid accessions were identified among culti-
vars developed by scientific breeding, for example, cv. Karo 
(1.165–1.3011 %). The character’s range in this group was 
0.0022–2.1562 % DW (Kamel et al., 2016).

The variation of this character between the years of our 
experiment manifested itself in the fact that in 2020 the ave-
rage alkaloid content in the studied set was 1.9 times lower 
than in 2019. 

The high susceptibility of alkaloid content levels in lupine 
seeds to environmental factors has not yet been explained. 
The mechanisms of their impact are even called unpredict-
able (Frick et al., 2017). As mentioned previously, alkaloid 
content variability in the same genotype can be affected by a 
variety of environmental factors: temperature, humidity, soil 
characteristics and mineral composition, geographic location, 
etc. The amplitude of the character’s variability also depends 
on the genotype: some cultivars are more variable under 
en vironmental impacts than others (Gremigni et al., 2001; 
Cow ling, Tarr, 2004; Jansen et al., 2009). 

Plants in this experiment were grown for two years in the 
same location, on a field relatively homogeneous in soil com-
position, and the same agricultural practices were used. There-
fore, we consider weather conditions to be the main factor 
that could affect the content of alkaloids. The most significant 
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meteorological differences across the two years of research 
manifested themselves in an increase in the precipitation 
amount in 2020 compared to 2019 (see Fig. 1). A particularly 
noticeable rainfall deficit was observed in July and August of 
2019 (58 mm and 25 mm, respectively). These are the months 
when seeds are swelling and ripening and alkaloids from 
vegetative organs accumulate in them (Vishnyakova, Krylova, 
2022). Apparently, it was this factor that led to a decrease in 
total alkaloids on average for the studied set of 59 accessions 
from 501.7 mg/100 g DW in 2019 to 263.6 in 2020. 

Droughts are believed to increase the content of alkaloids in 
lupine, but it is important at what stage of plant development 
the drought occurs (Christiansen et al., 1997). An increase in 
the level of alkaloids under drought conditions was observed 
in a number of plant species: Nicotiana, Papaver somniferum, 
and Catharanthus roseus (Waller, Nowacki, 1978; Szabó et 
al., 2003; Jaleel et al., 2007; Amirjani, 2013). Stresses are 
presumed to increase the synthesis of secondary metabolites, 
such as isoprenoids, phenols, and alkaloids (Selmar, Klein-
wächter, 2013). In view of this, temporary exposure to drought 
is recommended to intensify the synthesis and increase the 
yield of alkaloids in medicinal and spicy herbs (Kleinwächter 
et al., 2015; Kleinwächter, Selmar, 2015). 

High air temperatures from the start of flowering to pod 
maturation are also considered to be a factor raising alkaloid 
concentration in narrow-leafed lupine (Jansen et al., 2009). 
Under the conditions of our experiment, the year 2019, when 
the accumulation of alkaloids was at its peak, was on the whole 
much colder than either 2020 or the long-term mean value, 
but the temperatures during the growing season in both years 
were comparable. Therefore, we consider precipitation to be 
the decisive factor in the variation of this character across the 
two years of research. 

No significant differences in the percentage of individual 
alkaloids within their total amount were found between the 
years of research. Their average contribution was as follows: 
77.9 % of lupanine, 11.6 % of 13-hydroxylupanine, 8.3 % of 
sparteine, 1.3 % of angustifoline, and 0.9 % of isolupanine.

The almost twofold increase in alkaloid concentration, 
averaged for the studied set of accessions, was typical only 
for high-alkaloid and medium-alkaloid genotypes. For acces-
sions with alkaloid content less than 0.05 %, this indicator 
changed relatively little in both years. It is quite possible 
that these accessions reached the lowest alkaloid accumu-
lation threshold for narrow-leafed lupine seeds. In any case, 
these very low-alkaloid genotypes can be regarded as stable 
in the manifestation of the trait. 

Spontaneous pod dehiscence is one of the key features 
differentiating wild species from cultivated ones in legumes. 
During pod maturation and drying, the valves of wild geno-
types suddenly spontaneously open along the dorsal and 
ventral sutures and rapidly twist along their axis spirally in 
opposite directions, giving the opened pods a typical V-shaped 
appearance (Maysuryan, Atabekova, 1974). Wild species use 
this mechanism to disperse seeds, while in cultivated plants it 
is a highly undesirable trait that leads to yield loss. 

Contemporary breeders, along with the efforts to develop 
alkaloid-free narrow-leafed lupine cultivars, make attempts to 
introgress as many other domestication genes into their ge-

nomes as possible, specifically those responsible for the 
absence of spontaneous pod dehiscence. This trait is known 
to be controlled by two recessive alleles: ta (tardus), which 
determines the fusion of pod valves by forming a solid strand 
of sclerenchyma cells along the pod’s perimeter (Hackbarth, 
Troll, 1959), and le (lentus), which changes the orientation 
of endocarp cells and reduces the thickness of the parchment 
layer (Gladstones, 1970). Only the combination of both alleles 
can ensure complete absence of spontaneous pod dehiscence 
(Anokhina et al., 2012). It is quite possible that the accessions 
classified by us into the intermediate pod type according to 
their pod dehiscence nature possess only one of these two al-
leles. This study pinpointed a quite obvious tendency towards 
higher alkaloid content in the accessions with wild-type pods 
and intermediate ones that were close to the wild type, com-
pared to cultivated genotypes with nondehiscent pods. They 
demonstrated an almost twofold difference in both years of 
research. 

A similar relationship was observed between the content of 
alkaloids and the color of seeds (seed coat). There are up to 
8 grades of seed coat color recognized in narrow-leafed lupi-
ne: (1) variegated, gray, with indistinct maculation; (2) almost 
black, with small white speckles and spots; (3) gray with 
white spots; (4) white with occasional brown and gray spots; 
(5) beige (nut-brown), with brown spots; (6) white, dull at the 
hilum, without a triangular spot or a stripe; (7) white, with 
sporadic brown spots; and (8) pure white, glossy. (Kurlovich, 
2002). Similarly to the pod dehiscence pattern, we reduced 
these grades to three types: (1) dark, or wild type included 
seeds of the 1st and 2nd seed color grades, (2) intermediate 
type, with the 3rd and 5th seed color grades, and (3) light, or 
cultivated type, incorporating the 4th, 6th, 7th and 8th color 
grades. 

It is known that wild forms of narrow-leafed lupine have 
blue flowers and dark seeds. Breeders, in their efforts to im-
prove this crop, selected plants with the leucospermus locus, 
responsible for the white color of flowers and light-colored 
seeds (Nelson et al., 2006; Berger et al., 2012). The same 
pattern was also observed in the domestication of other le-
gume species (Ku et al., 2020). In our study, the group with 
dark seeds significantly exceeded the group with light seeds 
in the average total content of alkaloids (5.2 times in 2019, 
and 3.7 times in 2020). Meanwhile, no such differences were 
found in the percentage content of individual alkaloids either 
among the groups of accessions with different seed coat colors 
or those with different pod types. 

Thus, low alkaloid content in narrow-leafed lupine seeds, 
acquired by a part of the crop’s gene pool as a result of do-
mestication and breeding improvement, is associated with the 
absence of spontaneous pod dehiscence and the light color of 
seeds. We regard this phenomenon as the evidence of the joint 
introgression of domestication genes into modern narrow-
leafed lupine cultivars.

Conclusion 
Development of low-alkaloid narrow-leafed lupine forms, i. e., 
reducing the concentration of alkaloids in lupine seeds to a 
level below 0.05 %, has been a priority trend in the species’ 
improvement in the process of domestication and breeding. 
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The VIR collection contains cultivars for feed and food uses 
with the content of alkaloids no higher than 0.0015 % DW. 
It is this minimum value that we found while screening the 
set of 59 accessions. Susceptibility of this trait to the impact 
of environmental conditions was seen in the fact that the 
synthesis of alkaloids in 2019 was 1.9 times more intensive 
than in 2020 on average for the studied set of accessions. 
A signifi cant precipitation deficit was recorded in July and 
August of  2019, with all other growing conditions being 
comparable. This stressor, apparently, was the decisive factor 
that provoked an abrupt increase in the synthesis of alkaloids 
compared to 2020. 

A distinctive feature of alkaloid content variability in nar-
row-leafed lupine seeds under the impact of environmental 
con ditions is relatively low variation of this character in low-
alkaloid genotypes. 

The observed tendency towards higher (almost twofold) 
alkaloid content in the accessions with spontaneously de-
hiscent pods than in those with pods nondehiscent without 
threshing in both years of research and significantly higher 
content of alkaloids in seeds with dark seed coat color (wild) 
attest to the joint introgression of these domestication traits 
into modern cultivars. 
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Abstract. One of the most common and harmful diseases of grapevine is downy mildew, caused by Plasmopara viticola. 
Cultivars of Vitis vinifera, the basis of high-quality viticulture, are mainly not resistant to downy mildew. Varieties with natu-
ral resistance to downy mildew belong to the vine species of North America and Asia (V. aestivalis, V. berlandieri, V. cinerea, 
V. labrusca, V. amurensis, etc.), as well as Muscadinia rotundifolia. The breeding of resistant cultivars is based on interspecific 
crossing. Currently, molecular genetic methods are increasingly used in pre-selection work and directly in breeding. One 
of the major loci of downy mildew resistance, Rpv10, was first identified in the variety Solaris and was originally inherited 
from wild V. amurensis. DNA markers that allow detecting Rpv10 in grapevine genotypes are known. We used PCR analysis 
to search for donors of resistance locus among 30 grape cultivars that, according to their pedigrees, could carry Rpv10. 
The work was performed using an automatic genetic analyzer, which allows obtaining high-precision data. Rpv10 locus 
allele, which determines resistance to the downy mildew pathogen, has been detected in 10 genotypes. Fingerprinting of 
grape cultivars with detected Rpv10 was performed at 6 reference SSR loci. DNA marker analysis revealed the presence of a 
resistance allele in the cultivar Korinka russkaya, which, according to publicly available data, is the offspring of the cultivar 
Zarya Severa and cannot carry Rpv10. Using the microsatellite loci polymorphism analysis and the data from VIVC database, 
it was found that Korinka russkaya is the progeny of the cultivar Severnyi, which is the donor of the resistance locus Rpv10. 
The pedigree of the grapevine cultivar Korinka rus skaya was also clarified.
Key words: Vitis sp.; target alleles; Plasmopara viticola; DNA fingerprinting.
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ДНК-маркерная идентификация локуса устойчивости  
к милдью Rpv10 в генотипах винограда
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Аннотация. Милдью – одно из наиболее распространенных и вредоносных заболеваний виноградной лозы, возбу-
дителем которого считают Plasmopara viticola. Сорта Vitis vinifera, выступая основой высококачественного виногра-
дарства, практически не обладают генетической устойчивостью к милдью. Генотипы, имеющие природную устой-
чивость к поражению P. viticola, принадлежат видам винограда Северной Америки и Азии (V. aestivalis, V. berlandieri, 
V. cinerea, V. labrusca, V. amurensis и др.), а также к Muscadinia rotundifolia. По этой причине создание сортов винограда 
с повышенной устойчивостью к патогену основано на межвидовой гибридизации. В настоящее время молекулярно-
генетические методы анализа все активнее используют на этапах предселекционной работы и непосредственно в 
селекции. Один из крупных локусов устойчивости к милдью – ген Rpv10 – впервые идентифицирован в сорте межви-
дового происхождения Солярис и изначально происходит от дикого амурского винограда. Известны ДНК-маркеры 
данного гена, позволяющие детектировать наличие Rpv10 в генотипах винограда. Методом ПЦР-анализа выполнен 
поиск доноров гена устойчивости среди генотипов 30 сортов винограда, которые, согласно родословным, могли бы 
нести ген Rpv10. Работа выполнена с использованием автоматического генетического анализатора, что позволяет 
получать высокоточные данные. По результатам ДНК-маркерного анализа в 10 генотипах винограда выявлено на-
личие аллели гена Rpv10, определяющей устойчивость к возбудителю милдью. Выполнено генотипирование сор-
тов винограда, в которых обнаружен Rpv10, с помощью  шести стандартных для ДНК-профилирования винограда 
SSR-маркеров. ДНК-маркерный анализ показал наличие аллели устойчивости у сорта Коринка русская, который, по 
общедоступным данным, является потомком сорта Заря Севера, не обладающим геном устойчивости Rpv10. С ис-
пользованием анализа полиморфизма микроса теллитных локусов и базы данных VIVC уточнена родословная сор-
та винограда Коринка русская. Установлено, что Коринка русская происходит от сорта Северный – донора локуса 
устойчивости Rpv10.
Ключевые слова: Vitis sp.; целевые аллели; Plasmopara viticola; ДНК-профилирование.
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DNA marker identification of downy mildew  
resistance locus Rpv10 in grapevine genotypes

Introduction
The Eurasian grapevine (Vitis vinifera L.) is the most widely 
cultivated and economically important fruit crop in the world 
(De Mattia et al., 2008). Grapevines are grown both for di-
rect food consumption and for the production of wine. The 
issue of creating pathogen-resistant genotypes is relevant in 
the breeding of table and wine cultivars. Downy mildew is 
one of the most common and harmful diseases of grapevine, 
caused by biotrophic oomycete Plasmopara viticola Berl. et 
de Toni. The pathogen has a narrow specialization and affects 
only grapevines: it develops on all green organs of the plant – 
leaves, shoots, inflorescences, berries, tendrils. The greatest 
damage is caused to vineyards in warm periods with high 
humidity. The creation of new grapevine forms is based on the 
use of the genetic diversity. The searching and identification 
of genotypes – donors of resistance, is an important task both 
for studying the diversity of the existing gene pool and for the 
purposes of breeding new resistant cultivars.

The V. vinifera genotypes, being the basis of high-quality 
viticulture, are mainly not resistant to P. viticola. The breeding 
of resistant cultivars is based on interspecific crossing. Geno-
types with natural resistance to downy mildew belong to the 
vine species of  North America (V. riparia, V. aestivalis, V. ber-
landieri, V. cinerea, V. labrusca) and East Asia (V. amurensis, 
V. piasezkii), as well as Muscadinia rotundifolia (Alleweldt, 
Possingham, 1988; Wan et al., 2007). It is generally accepted 
that resistance in American species developed simultaneously 
with the pathogen, which is endemic to North America. Re-
sistance to P. viticola in some forms of V. amurensis could 
have developed through evolution from resistance to P. cissii 
and P. amurensis, these microorganisms are endemic to Asia 
(Riaz et al., 2011).

Molecular genetic analysis methods are successfully used 
now to identify and map loci of resistance to downy mildew. 
Both major loci with large influence in phenotypic variation 
and minor loci with smaller effects were identified (Bellin et 
al., 2009; Di Gaspero et al., 2012; Schwander et al., 2012; 
Venuti et al., 2013; Ochssner et al., 2016; Divilov et al., 2018; 
Lin et al., 2019; Sapkota et al., 2019; Bhattarai et al., 2020; 
Sargolzaei et al., 2020; Fu et al., 2020). The results of many 
such studies are successfully used for DNA marker selection 
to create quality grape cultivars with pyramided resistance 
genes (Eibach et al., 2007; Zini et al., 2019; Possamai et al., 
2020; Ruiz-García et al., 2021). 

Thus, a major locus of resistance inherited from wild 
V. amurensis was identified in the genotype of interspecific 
cultivar Solaris, it was named Rpv10 (Schwander et al., 2012). 
The identified locus explained up to 50 % of observed phe-
notypic variance in the studied mapping hybrid population. 
Analysis of Solaris cultivar pedigree revealed that the allele 
that determines resistance to downy mildew was inherited 
from Severnyi (V. amurensis × Seyanets Malengra) cultivar. 
At the same time, studies have shown that in the genotype 
of Zarya Severa cultivar, which was selected from the same 
hybrid population as Severnyi (V. amurensis × Seyanets Ma-
lengra), the resistance allele is absent (Schwander et al., 2012). 
In the course of this study, flanking DNA markers of Rpv10 
locus were identified, which make it possible to search for 
genotypes – donors of the downy mildew resistance locus 
Rpv10 in grapevine collections (Marker-Assisted Parental 

Selection) and in the breeding process to identify hybrid 
samples carrying the target allele (Marker-Assisted Seedling 
Selection) according to DNA analysis data.

The aim of the work was to determine Rpv10 locus in grape 
cultivar’s genotypes using flanking DNA markers.

Material and methods
Grapevine accessions and DNA extraction. We included in 
the study grape cultivars that could have the resistance locus 
Rpv10, according to analysis of their well-known pedigree: 
cultivars-descendants of Severnyi cultivar or bred using wild 
V. amurensis (original gene donor). In total, 30 genotypes 
were analyzed: Amurets, Avgusta, Buytur, Cabernet severnyi, 
Cvetochnyi, Denisovskiy, Dimatskun, Druzhba, Dushystyi, 
Fioletovyi ranniy, Golubok, Grushevskiy belyi, Korinka rus-
skaya, Kostyukovskiy, Kristall, Kunleany, Kurchanskiy, Lu-
sakert, Morozko, Murometc, Muscat donskoi, Pamyati Domb-
kovskoy, Saperavi severnyi, Skromnyi, Stanichnyi, Stepnyak, 
Sverkhranniy volgodonskiy, Vostorg, Vydvizhenets, Zolotoy 
Don cultivars. Plant material was collected from the Anapa 
ampelographic collection (North-Caucasian Federal Scientific 
Center of Horticulture, Viticulture, Winemaking) and the 
collection of  Ya.I. Potapenko All-Russian Research Institute 
of Viticulture and Winemaking – branch of Federal Rostov 
Agricultural Research Center. Genomic DNA samples were 
isolated from young tops of plant shoots. DNA extraction was 
carried out by the method based on the use of CTAB (Rogers, 
Bendich, 1985).

DNA analysis. Three DNA markers were used to iden-
tify the allelic status of Rpv10 locus (GF09-44, GF09-46, 
GF09- 47). The sequence of primer oligonucleotides was 
synthesized according to information from the literature 
(Schwander et al., 2012). Polymerase chain reaction (PCR) 
was carried out in total volume of  25 µl containing about 50 ng 
of genomic DNA, 1.5 units of Taq-polymerase (SibEnzyme, 
Russia), 1X Taq-polymerase buffer (SibEnzyme, Russia), 
2 µM of MgCl2 (SibEnzyme, Russia), 0.2 µM of each dNTP 
(SibEnzyme, Russia) and 200 μM of forward and reverse 
primers (Syntol, Russia). Amplification was carried out on 
a BioRad Thermo cycler T100 (USA). The following PCR 
conditions were used: initial denaturation for 5 min at 95 °C, 
40 cycles of 30 s denaturation at 95 °C, annealing at 60 °C for 
30 s and extension at 72 °C for 40 s, final step – 5 min exten-
sion at 72 °C. DNA of Solaris grape cultivar, which carries 
Rpv10 resistance allele, was used as a control to identify target 
alleles and correct the size of the detected PCR fragments.

A standard set of SSR markers for DNA profiling of 
grapevine genotypes (VVS2, VVMD5, VVMD7, VVMD25, 
VVMD27, VVMD28, VVMD32, VrZAG62 and VrZAG79) 
was used for DNA fingerprinting of cultivars (This et al., 
2004; This, 2007). Forward primers were labeled as follow: 
FAM (VVS2, VDMD27, VrZAG62), TAMRA (VVMD5, 
VVMD25, VVMD28, VVMD32), R6G (VVMD7, VrZAG79). 
The sequence of primer oligonucleotides was synthesized 
by Syntol (Russia). The following PCR conditions were ap-
plied: initial denaturation for 5 min at 95 °C; 34 cycles of 20 s 
denaturation at 95 °C, 30 s annealing at Tm (55 °C – VVS2, 
VVMD5, VVMD7, VVMD27; 58 °С – VrZAG62, VrZAG79; 
60 °C – VVMD25, VVMD28, VVMD32) and 40 s extension 
at 72 °C; final extension of 3 min at 72 °C. To clarify the size 
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of the detected alleles, we used the DNA of reference culti-
vars Cabernet Sauvignon and Pinot noir. Fragment analysis 
was carried out using an ABI Prism 3130 genetic analyzer. 
Molecular genetic studies were carried out using the instru-
ment park of the center for collective use of technological 
equipment of the North Caucasian Federal Scientific Center 
for Horticulture, Viticulture, Winemaking.

Results and discussion

Rpv10 locus detection
At the first stage of the work, 30 grapevine accessions were 
analyzed using the GF09-46 marker, this microsatellite locus 
was identified as a closely linked DNA marker, correlating 
with the presence of Rpv10 locus, according to the studies of 
Schwander et al. (2012) (Schwander et al., 2012). The authors 
found that the PCR product of 416 base pairs size detected 
by the GF09-46 marker corresponds to the presence of Rpv10 
locus allele which determines downy mildew resistance in the 
grapevine genotype. The target fragment was identified in 
ten cultivars on the 30 analyzed accessions: Augustа, Golu-
bok, Denisovskiy, Dimatskun, Korinka russkaya, Morozko, 
Sape ravi severnyi, Stanichnyi, Fioletovyi ranniy, Cvetochnyi 
( Table 1). Some of the results were published earlier (Ilnits-
kaya et al., 2019). At the second stage of the study, it was 
decided to analyze these ten cultivars with DNA markers 
GF09-44 and GF09-47, flanking the region of the chromosome 
where Rpv10 locus is localized, which makes it possible to 
make sure that there is no crossing-over at this locus in the 
studied genotypes (Schwander et al., 2012).

Thus, according to the results of DNA marker analysis, tar-
get alleles at loci GF09-44 and GF09-47, correlating with the 
presence of a resistant allele in the Rpv10 locus, according to 
published data, were detected in all ten samples (see Table 1). 

It has been determined that there was no crossing-over at 
the analyzed part of the chromosome in the studied genotypes, 
thus, according to the DNA marker analysis, the presence of 
the downy mildew resistance locus Rpv10 in grape cultivars 

Augustа, Golubok, Denisovskiy, Dimatskun, Korinka rus-
skaya, Morozko, Saperavi severnyi, Stanichnyi, Cvetochnyi 
and Fioletovyi ranniy is confirmed. 

An analysis of the pedigree of these cultivars suggests that 
the locus is inherited directly from Severnyi cultivar (Sape-
ra vi severnyi, Denisovskiy, Golubok, Fioletovyi ranniy, Cve-
tochnyi) and from the descendants of this cultivar (Avgusta, 
Morozko, Stanichnyi) (Table 2).

In the genotype of  Dimatskun, according to the origin of this 
cultivar, the Rpv10 could be inherited from both the paternal 
and the maternal genotype, since the resistance donor is wild 
V. amurensis, which is present in the pedigrees of  both parents 
of this cultivar. Of interest is the fact that Rpv10 resistance 
locus is present in Korinka russkaya cultivar. So, the parents 
of this genotype are considered to be cultivars Zarya Severa 
and Kishmish chernyi (http://www.vivc.de). However, Zarya 
Severa genotype lacks Rpv10 allele that determines resistance, 
according to the published data (Schwander et al., 2012) and 
our research. Thus, the reliability of information about Ko-
rinka russkaya cultivar pedigree is questionable.

According to the average long-term data of observations, 
the greatest field resistance to downy mildew among these cul-
tivars is shown by Stanichnyi cultivar (5–25 % damage). Most 
likely, Stanichnyi genotype also contains downy mildew re-
sistance genes inherited from North American grape species, 
this cultivar has a complex interspecific origin (see Table 2). 

Fingerprinting
We carried out genotyping of Korinka russkaya and Zarya 
Severa by nine SSR loci used for DNAfingerprinting and 
identification of grapevine cultivars (This et al., 2004; This, 
2007). The obtained data confirm the assumption that Zarya 
Severa cannot be the maternal parent of Korinka russkaya 
cultivar (Table 3). 

If Korinka russkaya was bred from Zarya Severa cultivar, 
then, according to the codominant type of inheritance of SSR 
loci alleles, one of the alleles of Zarya Severa of each analyzed 
microsatellite loci would be found in the corresponding lo-

Table 1. The results of grape genotypes analysis with DNA markers linked to downy mildew resistance locus Rpv10

Cultivar The sizes of identified alleles, base pair

GF09-44 GF09-46 GF09-47

Avgusta 230 242 416 423 296 299

Golubok 230 – 416 – 296 299

Denisovskiy 230 243 395 416 296 299

Dimatskun 230 242 416 423 296 299

Korinka russkaya 230 242 416 423 296 299

Morozko 230 242 416 423 296 299

Saperavi severnyi 230 243 395 416 296 299

Stanichnyi 230 – 407 416 290 299

Fioletovyi ranniy 230 244 416 – 296 299

Cvetochnyi 230 236 394 416 296 299

Note. Target fragments that correlated with resistance are shown in bold. 
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Table 2. Pedigree of the analyzed grape genotypes

Cultivar Pedigree Originator (institution, country)

Avgusta SV 12-309 × Kazachka (Kazachka-1 × Fioletovyi ranniy 
(Severnyi × Muscat Gamburg)

Ya.I. Potapenko All-Russian Research Institute of Viticulture and Wine-
making – branch of Federal Rostov Agricultural Research Center, Russia

Golubok Severnyi × a mix of pollen cultivars 40 let Oktyabrya, 
Odesskiy ranniy and No. 1-17-54 (Alicante Bouschet × 
Cabernet Sauvignon)

V.Ye. Tairov Institute of Viticulture and Winemaking of the National 
Academy of Agrarian Sciences of Ukraine, Ukraine

Denisovskiy Severnyi × pollen mix of muscat cultivars (Muscat 
a petits grains blancs, Muscat fleur d’oranger,  
Muscat of Alexandria)

Ya.I. Potapenko All-Russian Research Institute of Viticulture and Wine-
making – branch of Federal Rostov Agricultural Research Center, Russia

Dimatskun Karmrayut (Adisi × (V. amurensis × Chernyi  sladkiy) × 
Seedling 1563/1 + 21 (Madeleine Angevine × 
V. amurensis) × Seyanets Malengra 65/16  
(open pollination of Seedling Malengra cultivar)

Armenian Academy of Viticulture, Wine-Making and Fruit-Growing, 
Armenia

Korinka 
russkaya

Zarya Severa Severnyi × Kishmish chernyi I.V. Michurin Federal Scientific Center, Russia

Morozko Mitsar × Saperavi severnyi (Severnyi × Saperavi) North Caucasian Federal Scientific Center for Horticulture, Viticulture, 
Winemaking, Russia

Saperavi 
severnyi

Severnyi × Saperavi Ya.I. Potapenko All-Russian Research Institute of Viticulture and Wine-
making – branch of Federal Rostov Agricultural Research Center, Russia

Stanichnyi Cvetochnyi (Severnyi × pollen mix of muscat  
cultivars) × Zala Gyoengye

Ya.I. Potapenko All-Russian Research Institute of Viticulture and Wine-
making – branch of Federal Rostov Agricultural Research Center, Russia 

Fioletovyi 
ranniy

Severnyi × Muscat Gamburg Ya.I. Potapenko All-Russian Research Institute of Viticulture and Wine-
making – branch of Federal Rostov Agricultural Research Center, Russia

Cvetochnyi Severnyi × pollen mix of muscat cultivars (Muscat  
a petits grains blancs, Muscat fleur d’oranger,  
Muscat of Alexandria)

Ya.I. Potapenko All-Russian Research Institute of Viticulture and Wine-
making – branch of Federal Rostov Agricultural Research Center, Russia

Table 3. DNA profiles of grape cultivars Korinka russkaya, Zarya Severa and Severnyi by nine SSRs

Cultivar Alleles of SSR loci, base pairs

VVS2 VVMD5 VVMD7 VVMD25 VVMD27 VVMD28 VVMD32 VrZAG62 VrZAG79

Cabernet Sauvignon 139
151

234
242

239
239

239
249

176
190

234
236

240
240

188
194

247
247

Zarya Severa 135
139

238
240

247
249

255
271

195
195

236
244

242
272

200
204

249
251

Korinka russkaya 135
155

236
238

241
253

245
255

182
184

218
244

240
250

184
188

247
255

Severnyi (VIVC) 129
135

238
238

241
247

237
255

182
184

244
252

237
240

184
204

255
259

Note. The alleles inherited by Korinka russkaya from Severnyi genotype are shown in bold. 

cus of  Korinka russkaya cultivar. However, in five (VVMD7, 
VVMD27, VrZAG62, VrZAG79, VVMD32) out of nine 
studied SSR loci, these cultivars do not have common alleles 
(see Table 3). 

Most likely, Rpv10 locus in Korinka russkaya is inherited 
from Severnyi cultivar, according to the analysis of the history 
of Korinka russkaya genotype origin. In addition, the informa-
tion that Severnyi cultivar is the parent of Korinka russkaya 
was found by us in a literary source describing the northern 
grape cultivars of Russia (Abuzov, 2009). Using data from the 
DNA profile database of  Vitis International Variety Catalogue 

(http://www.vivc.de), we performed the DNA profiles com-
parison between Korinka russkaya and Severnyi. The allele 
from Severnyi cultivar was identified in each analyzed locus 
of Korinka russkaya, accordingly (see Table 3). So Severnyi 
is the parent of Korinka russkaya, Zarya Severa is not in the 
pedigree of Korinka russkaya.

We performed genotyping on VVS2, VVMD5, VVMD7, 
VVMD27, VrZAG62 and VrZAG79 SSR loci of cultivars, in 
which Rpv10 resistance locus was identified (Table 4). The 
DNA profiles can then be used for the trueness-to-type analysis 
of accessions. Genotypes Avgusta, Golubok, Denisovskiy, 

https://vinograd.info/sorta/bessemyannye/kishmish-chernyi.html
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Dimatskun, Korinka russkaya, Morozko, Saperavi severnyi, 
Stanichnyi, Cvetochnyi and Fioletovyi ranniy can be used in 
breeding as donors of Rpv10. Аlso, аll these cultivars have 
increased frost resistance.

Conclusion
Using the DNA markers GF09-44, GF09-46 and GF09-47 
linked to downy mildew resistance locus Rpv10, we analyzed 
30 genotypes of grapes that could inherit this R-loci, according 
to their pedigrees. Rpv10 locus was detected in the DNA of 
cultivars Avgusta, Golubok, Denisovskiy, Dimatskun, Korinka 
russkaya, Morozko, Saperavi severnyi, Stanichnyi, Cvetoch-
nyi and Fioletovyi ranniy. All these cultivars were genetically 
characterized with the standard set of six SSRs for identifica-
tion of grape cultivars. It was also shown by the results of SSR 
analysis of  Korinka russkaya and Zarya Severa genotypes that 
cultivar Zarya Severa is not the parent of Korinka russkaya. 
The presence of Rpv10 locus in Korinka russkaya genotype 
also confirms these data, since Zarya Severa does not carry 
Rpv10. Comparison of Korinka russkaya and Severnyi DNA 
profiles confirmed the assumption that Severnyi is the parent 
of Korinka russkaya cultivar. Thus, the pedigree of Korinka 
russkaya grape cultivar has been clarified. 
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Abstract. A range of environmental factors restricts the production of chickpea; therefore, introducing compatible 
cultivars to a range of environments is an important goal in breeding programs. This research aims to find high-yield-
ing and stable chickpea genotypes to rainfed condition. Fourteen advanced chickpea genotypes with two control 
cultivars were cultivated in a randomized complete block design in four regions of Iran during 2017–2020 growing sea-
sons. The first two principal components of AMMI explained 84.6 and 10.0 % of genotype by environment interactions, 
respectively. Superior genotypes based on simultaneous selection index of ASV (ssiASV), ssiZA, ssiDi and ssiWAAS were 
G14, G5, G9 and G10; those based on ssiEV and ssiSIPC were G14, G5, G10 and G15 and those based on ssiMASD were 
G14, G5, G10 and G15. The AMMI1 biplot identified G5, G12, G10 and G9 as stable and high-yielding genotypes. Geno-
types G6, G5, G10, G15, G14, G9 and G3 were the most stable genotypes in the AMMI2 biplot. Based on the harmonic 
mean and relative performance of genotypic values, G11, G14, G9 and G13 were the top four superior genotypes. 
Factorial regression indicated that rainfall is very important at the beginning and end of the growing seasons. Geno-
type G14, in many environments and all analytical and experimental approaches, has good performance and stability. 
Partial least squares regression identified genotype G5 as a suitable genotype for moisture and temperature stresses 
conditions. Therefore, G14 and G5 could be candidates for introduction of new cultivars.
Key words: AMMI; HMRPGV; factorial regression (FR); mixed models; partial least squares regression (PLSR); simultane-
ous selection index (ssi).
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Аннотация. Ряд факторов окружающей среды ограничивают производство нута, поэтому исследование сортов 
в различных средах является важной составляющей селекционных программ. Цель представленного исследо-
вания заключалась в поиске высокоурожайных и устойчивых к условиям богарного земледелия генотипов нута. 
Четырнадцать перспективных генотипов нута с двумя контрольными сортами выращены в рандомизирован-
ном полном факторном эксперименте в четырех регионах Ирана в вегетационные периоды 2017–2020 гг. Пер-
вые два главных компонента объясняют 84.6 и 10.0 % генотипа взаимодействиями с окружающей средой (GEI) 
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Stability analysis for seed yield of chickpea (Cicer arietinum L.) 
genotypes by experimental and biological approaches

соответственно. Лучшими генотипами на основе индексов одновременной селекции ASV (ssiASV), ssiZA, ssiDi и 
ssiWAAS стали G14, G5, G9 и G10, на основе ssiEV и ssiSIPC – G14, G5, G10 и G15, на основе ssiMASV – G14, G5, G10 
и G15. Результаты AMMI1-биплот-анализа позволили идентифицировать G5, G12, G10 и G9 как стабильные и 
высокоурожайные генотипы. По данным модели AMMI2-биплот наиболее стабильными определены генотипы 
G6, G5, G10, G15, G14, G9 и G3. На основе гармонического среднего и относительной эффективности генотипи-
ческих значений (HMRPGV) G11, G14, G9 и G13 отмечены как четыре лучших генотипа. Факторная регрессия 
показала, что количество осадков крайне важно в начале и конце вегетационного периода. Генотип G14 проде-
монстрировал хорошую урожайность и стабильность во многих различных условиях среды и при использова-
нии всех аналитических и экспериментальных подходов. Методом частичной регрессии наименьших квадратов 
генотип G5 был идентифицирован как наиболее устойчивый к неблагоприятным условиям – как по влажности, 
так и по температуре. Следовательно, G14 и G5 могут быть кандидатами для интродукции новых сортов.
Ключевые слова: AMMI; HMRPGV; факторная регрессия (FR); смешанные модели; частичная регрессия наимень-
ших квадратов (PLSR); индекс одновременной селекции (ssi).

Introduction
Chickpea (Cicer arietinum L.) is one of the most important 
pulse crops that are well adapted to arid and semiarid condi-
tions. Pulse crops are important sources of protein in human 
food and are suitable for animal feeds (Gaur et al., 2010). 
Chickpea is the fifth most rainfed crop in Iran and its harvested 
area is about 561,000 ha in Iran, which is mostly (98.59 %) 
cultivated in dryland areas (FAO, 2020)1. Chickpea is a cool 
season legume and sensitive to heat stress (Devasirvatham et 
al., 2012) grown mainly in semi-arid and arid regions, where 
its production is restricted by a range of environmental fac-
tors such as high (or very low) temperature, lack (or excess) 
of soil moisture availability and day length (Richards M.F. 
et al., 2020).

Introducing compatible cultivars to a range of environments 
is the important goal in breeding programs (Karimizadeh, 
Mohammadi, 2010). Awareness of genotype by environment 
interaction (GEI) helps breeders to check genotypes more ac-
curately and select the best genotypes. Because of exhibition 
of various phenotypic expressions of a specified genotype 
to different environments and unknown responses of some 
of the genotypes to a specified environment, investigation 
of GEI depends on the phenotypic stability and adaptation 
of genotypes (Yan et al., 2000). In other words, GEI created 
a hard situation for breeders and growers to choose high-
yielding and stable varieties to different environments and 
decreased the efficiency in selection of superior genotypes 
and cultivar introduction (Yan, Kang, 2003). Because a stable 
variety is adapted to environmental variation, plant breeders 
are interested in the analysis of yield stability as a worthwhile 
characteristic of a genotype (Annicchiarico, 2002). Therefore, 
for evaluation of yield stability and performance, it is very 
important to use a variety to wide range of environments (Yan 
et al., 2011). Developing broadly adapted genotypes with a 
high level of phenotypic stability and yield potential is a tool to 
overcome the genotype by environment interaction (Kanouni 
et al., 2015). However, since it is difficult or impossible to find 
such a variety, specific adaptation of varieties permits plant 
breeders to manage GEI and develop suitable genotypes for 
different environments (Gauch, Zobel, 1997).

Statistical models, which incorporate environmental and 
genotypic variables into the multi-environmental trial (MET) 
analysis, have been used to study and explain GEI. Two main 
statistical methods for analyzing GEI are experimental (or 
1 FAO. Statistics of Food and Agriculture Organization. 2020. https://www.fao.
org/statistics/en/ 

em pi rical) and analytical (or biological) approaches (van 
Eeuwijk et al., 1996). The empirical approaches focus on 
performance-based selection, whereas the analytical ap-
proaches refer to the integration of some agronomic/climatic 
variables that determine the response variable (such as grain 
yield) (Ri chards R.A., 1982). Factorial regression (FR) (van 
Eeuwijk et al., 1996) and partial least squares regression 
(PLSR) (Vargas et al., 1998), which directly incorporate en-
vironmental variables and/or external varieties, can be con-
sidered as a predictive strategy for recommendation purposes 
(Basford, Cooper, 1998). 

There are several methods for stability analysis in expe-
rimental approaches, including multivariate and univariate 
models. Additive main effect and multiplicative interaction 
(AMMI) (Gauch, Zobel, 1988), as a multivariate model in 
experimental approach, is postdictive, because it has to handle 
the problem of repeatability of GEI (Basford, Cooper, 1998). 
All models attempt to provide a biological interpretation of 
GEI using information on external environmental and/or exter-
nal genotypic variables. An alternative method of experimental 
approach for stability analysis is the harmonic mean, and the 
relative performance of genotypic values (HMRPGV) based 
on mixed models (Resende, 2007). This method provides in-
formation on stability, adaptability and yield performance of 
genotypes in the same unit and scale. In this method, selection 
of the genotypes with the highest values of  harmonic mean 
of genotypic values (HMGV), relative performance of geno-
typic values (RPGV) and HMRPGV allows a simultaneous 
selection for yield performance and stability. This methodo-
logy is used in evaluation of stability of yield performance 
in rice (Colombari-Filho et al., 2013), wheat (Coan et al., 
2018; Verma, Singh, 2020) and corn (Rodovalho et al., 2015). 
M.A. Ro dovalho et al. (2015) compared HMRPGV, Lin and 
Binns’s and Annichiarico’s methods for stability of maize 
hybrids and indicates high agreement between these metho-
dologies, however, the HMRPGV method enables breeders 
to directly assess the breeding values for the yield, genotypic 
stability and adaptability simultaneously. The FR has been 
used successfully to interpret GEI in maize (Romay et al., 
2010), wheat (Campbell et al., 2004; Voltas et al., 2005; Joshi 
et al., 2010), durum wheat (Mohammadi et al., 2020a, b) and 
barley (Ahakpaz et al., 2021). PLS regression to interpret 
the GE interaction has also been applied in wheat (Vargas et 
al., 1999; Kondić-Špika et al., 2019), maize (Stojaković et 
al., 2015), sorghum (Das et al., 2012) and barley (Hilmars-
son et al., 2021). Although many researchers have evaluated 
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stability of chickpea genotypes by stability methods such as  
AMMI (Farshadfar et al., 2011, 2013; Zali et al., 2012; Funga 
et al., 2017; Pouresmael et al., 2018; Azam et al., 2020), there 
have been no reports of analytical approaches in the case of 
this crop. 

This study was carried out to get high-yielding and adapt-
able genotypes to rainfed condition of  Iran, to compare empiri-
cal methods and to assess the role of climatic factors in GEI.

Materials and methods

Experimental conditions and plant material 
Fourteen advanced chickpea genotypes with two control 
varieties (Adel and Azad) (Table 1) were cultivated in rando-
mized complete block design in four regions of  Iran, including 
Gachsaran, Gonbad, Khorramabad and Ilam (Table 2), during 
2017–2020 growing years. The experiment was performed in 
Gonbad in every three cropping years, in Gachsaran and Ilam 
in the first two cropping years and in Khorramabad only in the 
second cropping year. Fifty seeds per m2 were grown in plots 
with six m length and one m wide. Chemical fertilizer at the 
rate of 100 kg ha–1 of ammonium phosphate and 35 kg ha–1 
of urea was evenly mixed with the soil. After harvest, seed 
yield was weighed and statistical analyzes were performed 
on the data.

Statistical analysis
Experimental approaches. The AMMI model was used 
to analyze the genotype (G) × environment (E) interactions. 
AMMI constitutes a model family, with AMMI0 having no 
interaction principal component (IPC), AMMI1 having 1 IPC, 
AMMI2 having 2 IPC, and so on up to AMMIF (residual 
discarded). The AMMI model equation is:

Yij = μ + αj + βi + Σ
n

λn γin δjn + ρij,

where Yij is the yield of genotype i in environment j; μ is 
the grand mean; αi is the genotype deviation from the grand 
mean; βj is the environment deviation; λn is the singular value 
for IPC n and correspondingly λ2

   n is its eigenvalue; γin is the 
eigenvector value for genotype i and component n; δjn is the 
eigenvector value for environment j and component n, with 
both eigenvectors scaled as unit vectors; and ρij is the residual.

Simple and combined analysis of variance and stability 
ana lysis performed by METAN R packages (Olivoto, DalCol 
Lucio, 2020). The agricolae R package (Mendiburu, 2019) was 
also used for calculation of some of AMMI indices. Stability 
indices were calculated using the equations in Table 3. 

The SSIPC1/SSIPC2 ratio in equation 1 is the weight as-
signed to the first interaction principal component (IPC1), 
which is the product of dividing the sum of squares of first 
IPC by the sum of squares of the second IPC. In equation 2, 

Table 1. Code and name of studied chickpea genotypes

No. Origin Name/Pedigree

   1 ICARDA TDS-Maragheh90-92/Gn-PR-93−15/Gn-PR-94-8

   2 ICARDA TDS-Maragheh90-137/Gn-PR-93−18/Gn-PR-94-10

   3 ICARDA TDS-Maragheh90-150/Gn-PR-93−23/Gn-PR-94-14

   4 ICARDA TDS-Maragheh90-162/Gn-PR-93−27/Gn-PR-94-17

   5 ICARDA TDS-Maragheh90-239/Gn-PR-93−49/Gn-PR-94-35

   6 ICARDA TDS-Maragheh90-292/Gn-PR-93−66/Gn-PR-94-45

   7 ICARDA TDS-Maragheh90-300/Gn-PR-93−67/Gn-PR-94-46

   8 ICARDA TDS-Maragheh90-423/Gn-PR-93−97/Gn-PR-94-65

   9 ICARDA FLIP09-53C-X04TH175/FLIP95-51XFLIP97-165

10 ICARDA FLIP09-178C-X06TH46/FLIP02-3XFLIP00-14

11 ICARDA FLIP09-228C-S00794(30 KR)-2/

12 ICARDA FLIP09-249C-S00794(30 KR)-6/

13 ICARDA FLIP09-441C-X04TH61/X03TH-129XFLIP96-154

14 ICARDA FLIP09-350C-X06TH44/FLIP00-50XFLIP01-60

15 IRAN ADEL

16 IRAN AZAD

Table 2. Geographic characteristics of trials area

Location Altitude, m Longitude Latitude Average rainfall, mm

Gachsaran    710 50° 50’ E 30° 17’ N 455

Gonbad      45 55° 12’ E 37° 16’ N 548

Ilam    975 46° 36’ E 33° 47’ N 362

Khoramabad 1147 48° 18’ E 33° 29’ N 445
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λn is the root of the nth IPC, which for SIPC1 and SIPCF is 
one and the number of principal components remaining in 
the model, respectively. In equations 3 and 4, γin is the root 
of the nth axis and N ′ is the number of significant principal 
components in the analysis of variance of AMMI by F-test. 
In equation 4, the percentage of the sum of squares explained 
by the nth axis of IPC denotes by θn. In equation 5, SSIPC1, 
SSIPC2, …, SSIPCn are the sum of squares of the 1st, 2nd, ..., 
and nth IPC; and PC1, PC2, …, PCn are the scores of 1st, 2nd, ..., 
and nth IPC. In equation 6, the AMMI distance (D) calculated 
as distance of the interaction principal component from the 
origin. In equation 7, IPCik is the score of i th genotype on 
k th IPC axis. θk is the explained variance of the k th IPCA for 
k = 1, 2, …, p, considering p the number of significant PCAs. 
In these equations, the most stable genotypes have the lowest 
values of stability indices.

In equation 8, the simultaneous selection index (ssi) is 
the sum of the rankings of genotypes based on the AMMI 
[R (AMMI stability indices)] and the average rank of seed 
yield of genotypes in all environments (RY). AMMI1 (IPC1 
vs. seed yield) and AMMI2 (IPC1 vs. IPC2) biplots were 
drawn using the standard method described by R.W. Zobel 
et al. (1988). 

The BLUP model for MET trials, unlike the classical addi-
tive model, assumes the genotypic effects as random and uses 
a different computational procedure (Olivoto et al., 2019). 

In BLUP, μj is the general mean for j th environment; l is the 
number of environments; GVij: uj + gi + geij is the genotypic 
value of i th genotype in j th environment. uj is the mean of the 
j th environment, and gi and geij are the BLUP values of i th 

genotype and the interaction between i th genotype and j th en-
vironment, respectively. Stability indices based on this mixed 
model are: HMGV, RPGV and HMRPGV were calculated by 
Equations 9–11, respectively (Table 3). 

Analytical approaches. Seasonal rainfall and average 
tem perature of autumn, winter and spring were used as envi-
ronmental co-variables. Integration of external data into GEI 
analysis by PLSR and FR methods was carried out by GEA-R 
software (Pacheco et al., 2015).
Partial least squares regression
The PLSR model includes independent matrices X (rainfall 
and average temperature data) and a dependent matrix Y 
(seed yield) and the latent variables t as follows (Vargas et  
al., 1998):

X = t1p1′ + t1p1′ + … + E = TP ′ + E
Y = t1q1′ + t1q1′ + … + F = TQ ′ + F,

where, matrices T, P and Q contain X-scores, X-loadings 
and Y-loadings, respectively. F and E are the residuals of the 
unexplained variation. A biplot was built based on the first 
two PLSR factors to investigate the relationships among co-
variables, genotypes and environments.

Table 3. Equations for calculation the stability analysis indices

No. Index Formula Reference

1 AMMI stability value
ASV =   SSIPC1

SSIPC2
 (IPC1)  

2

 + (IPC2)2 
Purchase et al., 2000

2 Sum of IPCs scores SIPCi = 
N
Σ

n = 1
λ0.5
    n

 
γin

      
Sneller et al., 1997

3 Eigenvalue stability parameter of AMMI EVi = 
  N ’
Σ

n = 1
γ2
   in /N’ Zobel et al., 1988

4 Absolute value of the relative contribution  
of IPCs to the interaction

Zai = 
  N ’
Σ

n = 1
|θn

 
γin|

       
Zali et al., 2012

5 Modified AMMI stability value
MASV =  

N –1
Σ

n = 1
 SSIPCn

SSIPCn+1
 (IPCn)  

2

+ (IPCn+1)2
Adugna, Labuschange, 2002

6 Distance coefficient
Di = 

  N ’
Σ

n = 1
γ2
   in

Zhang et al., 1998

7 Weighted average of absolute scores

WAASi = 

p

Σ
k = 1

|IPCAik × θk| 

          
p

Σ
k = 1

θk

Olivoto et al., 2019

8 Simultaneous selection index SSI = R (AMMI stability indices) + RY Farshadfar, 2008

9 Harmonic mean of genotypic values HMGVi = l
l

Σ
j = 1

1
GVij

Resende, 2007

10 Relative performance of genotypic values
RPGVi =  1

 l  

l
Σ

j = 1 

GVij
μj    

Resende, 2007

11 Harmonic mean of relative performance  
of genotypic values

HMRPGVi = l
l

Σ
j = 1

1
GVij / μj

Resende, 2007
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Factorial regression
The FR model is also as follows (van Eeuwijk et al., 1996):

E(Yij) = μ + αi + βj + 
K
Σ

k = 1
ξik Zjk , 

where αi represents the genotype main effect; Zjk refers to 
the value of any environmental variable k for environment j; 
and ξik represents the sensitivity of genotype i to the explicit 
environmental variable k. The heterogeneity in the ξi’s for 
successive z1... zK variables accounts for the interaction, while

the sum of multiplicative terms 
K
Σ

k = 1
ξik Zjk approximates GE. 

To facilitate the interpretation of genotype by environment, 
the external variables can be centered to mean zero. The pa-
rameter ξik can be easily estimated by standard least squares 
techniques.

The Akaike’s information criterion (AIC) (Akaike, 1974) 
was used to determine the number of covariates that are in-
cluded in the model.

Results

Analysis of variance
Analysis of variance showed that the effects of environment, 
genotype and genotype by environment interaction were sig-
nificant on seed yield at 1 % probability level and these three 
components explained 37.13, 16.90 and 31.30 % of phenotypic 
variation, respectively (Table 4).

Due to significance of GEI, it is possible to analyze the 
stability of these data. Therefore, the stability analysis was 
performed by the AMMI method and harmonic mean, and 
HMRPGV based on mixed models. AMMI analysis of va-
riance showed only the first two principal components were 
significant and explained 84.6 and 10.0 % of genotype by 
environment interaction, respectively (see Table 4). 

Experimental stability approaches
AMMI stability indices and ssi. The highest seed yield was 
observed in G11, followed by G14, G9, G16 and G13, which 
were higher than average yield of genotypes in all environ-
ments (1069.25 kg ha–1). Stability of genotypes was evaluated 
across different environments by AMMI indices. The ASV, 
WAAS, Za and MASV stability indices identified genotypes 
G5, G14, G12, G1 and G10 as the most stable genotypes. 
The SIPC and EV indices indicated genotypes G14, G5, G6, 
G10 and G15 were the most stable genotypes. According to 
D index, genotypes G14, G5, G10, G6 and G1 were more 
stable than other genotypes (Table 5).

Based on ssi of AMMI stability value (ssiASV), ssiZA, 
ssiDi and ssiWAAS, genotypes G14, G5, G9, G10 and G12 
were identified as superior genotypes; while based on ssiEV 
and ssiSIPC, genotypes G14, G5, G10, G15 and G9 were the 
superior genotypes. The ssiMASV index identified genotypes 
G14, G5, G10, G15 and G12 as superior genotypes (Table 6). 

Biplot interpretation. The AMMI1 biplot indicated the 
score of the first principal component in genotypes G5, G12, 
G10, G9, and G14 was near zero and so these genotypes had 
low interaction with environment and were identified as stable 
genotypes. The yield of these genotypes was also higher than 
the average seed yield of all genotypes in all environments 

(1069.25 kg ha–1). Genotypes G11, G8, G16, and G4 at the 
farthest point from the biplot origin were unstable genotypes 
(Fig. 1).

The AMMI2 biplot showed that genotypes G4, G2, G1, 
G12, G13, G11, G16, G7 and G8 with the longest distance 
from the biplot origin had a high contribution in genotype by 
environment interaction and were unstable genotypes, but 
these genotypes adapted to their close environments (Fig. 2). 
Therefore, genotype G2 was the best genotype for E1; geno-
type G1 for E4 and E5; genotypes G12 and G13 for E3; geno-
type G11 for E7 and genotypes G7 and G8 for E2, E6 and E8. 
The other genotypes within polygon, including G6, G5, G10, 
G15, G14, G9 and G3, were the most stable genotypes. Other 
usefulness of this biplot, in addition to identifying adaptable 
genotypes with any environment and introducing genotypes 
with general stability, are identification of environments with 
the long vector that could be more effective in finding stable 
genotypes (Yan, Kang, 2003). Accordingly, all environments 
except for E3 could be used as discriminative and representa-
tive environments.

Determination of genotypic stability and adaptability 
using HMRPGV. The top four superior genotypes compared 
to control varieties (ADEL and AZAD), based on the measure 
of stability and adaptability (HMRPGV), were genotypes G11, 
G14, G9 and G13. The products of this index and the general 
mean (HMRPGV*μ ) of these genotypes were 1570, 1287, 
1231 and 1200 kg ha–1, respectively (Table 7). The selection 
of these genotypes for seed yield increased to 20.63 % over 
the general mean (1069.25 kg ha–1).

Analytical stability approaches
FR analysis. Since the climatic information of the third year 
in Gonbad was not available, analytical approaches (factorial 
and partial least squares regression) with environmental co-

Table 4. AMMI analysis of variance for seed yield  
of chickpea genotypes

SOV    Df MS Percent Accumulate

Env 7 6153924** 37.13

Rep(Env) 16    120111

Gen 15 1307022** 16.90

Env*Gen 105    345820** 31.3

PC1 21 1463178** 84.6 84.6

PC2 19    190452** 10 94.6

PC3 17       69654    3.3 97.8

PC4 15       25555    1.1 98.9

PC5 13       20294    0.7 99.6

PC6 11          8973    0.3 99.9

PC7 9          3976    0.1 100

Residuals 240       62892 . .

Total 383    302898 . .

** p < 0.01.
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Table 6. Simultaneous selection indices (ssi)  
for each of genotypes

Gen ssiASV ssiSIPC ssiEV ssiZa ssiWAAS

G1 19 21 22 20 19

G2 22 23 22 23 22

G3 22 19 18 21 22

G4 28 23 22 27 28

G5    9 10 10    9    9

G6 23 19 19 22 23

G7 23 24 24 23 23

G8 25 24 24 25 25

G9    9 14 14 10    9

G10 12 11 12 11 12

G11 17 16 16 17 17

G12 12 17 19 12 12

G13 16 17 17 16 16

G14    4    3    3    4    4

G15 14 11 10 14 14

G16 17 20 20 18 17

Table 5. AMMI-based stability indices and ranks for stability indices

Gen Seed yield, 
kg ha–1

rY ASV rASV SIPC rSIPC EV rEV Za rZa WAAS rWAAS Di rD MASV rMASV

G1 792 15 78.9 4 17.9    6 0.047    7 0.164    5    9.18    4 12.6    5    596    5

G2 814 13 113.0 9 21.5 10 0.058    9 0.223 10 12.70    9 15.6    9    797 10

G3 841 12 117.0 10 18.0    7 0.038    6 0.219    9 12.80 10 14.5    8    794    9

G4 812 14 162.0 14 19.6    9 0.057    8 0.287 13 17.20 14 19.1 12 1082 13

G5 1100 8 15.6 1    9.0    2 0.025    2 0.046    1    2.23    1 7.52    2    260    2

G6 789 16 104.0 7 15.1    3 0.027    3 0.192    6 11.30    7 12.6    4    700    6

G7 905 11 143.0 12 26.8 13 0.089 13 0.282 12 16.10 12 19.6 13 1008 12

G8 1069 10 166.0 15 29.0 14 0.100 14 0.320 15 18.40 15 21.7 14 1146 15

G9 1272 3 92.1 6 22.1 11 0.076 11 0.195    7 10.80    6 15.6 10    715    7

G10 1116 7 81.6 5 16.4    4 0.036    5 0.164    4    9.29    5 11.8    3    587    3

G11 1616 1 202.0 16 30.3 15 0.108 15 0.375 16 22.00 16 24.7 16 1363 16

G12 1098 9 70.7 3 19.3    8 0.067 10 0.157    3    8.53    3 13.8    7    594    4

G13 1221 5 132.0 11 25.2 12 0.080 12 0.261 11 14.90 11 18.3 11    933 11

G14 1280 2 35.7 2    6.6    1 0.005    1 0.070    2    4.01    2 4.83    1    250    1

G15 1122 6 113.0 8 17.1    5 0.034    4 0.210    8 12.30    8 13.8    6    760    8

G16 1261 4 146.0 13 32.3 16 0.151 16 0.302 14 16.90 13 22.9 15 1091 14

Note. ASV, AMMI stability value; SIPC, sum of IPCs scores; EV, eigenvalue stability parameter of AMMI; Za, absolute value of the relative contribution of IPCs to the 
interaction; WASS, weighted average of absolute scores.
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Fig. 1. AMMI1 biplot for identity of the superior lentil genotypes based on 
seed yield mean and PC1.
The naming of genotypes is similar to Table 9. E1, Gachsaran 2017-18; E2, Gon-
bad 2017-18; E3, Ilam 2017-18; E4, Gachsaran 2018-19; E5, Khorramabad 2018-
19; E6, Gonbad 2018-19; E7, Ilam 2018-19; E8, Gonbad 2019-20.
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Fig. 2. The AMMI2 biplot for identity of the superior chickpea genotypes 
based on first PCs.
The naming of genotypes and environments is similar to Table 9 and Fig. 1, 
respectively.

Table 7. Ranking of the genotypes in all environments evaluated for adaptability parameters of genotypic values for the grain yield 
of chickpea genotypes evaluated in eight environments

Gen Seed yield,  
kg ha–1

HMGV HMGV_order RPGV RPGV_Y RPGV_order HMRPGV HMRPGV_Y

G1    792    577 11 0.724    774 15 0.688    735

G2    814    568 12 0.755    807 13 0.688    736

G3    841    558 13 0.771    824 12 0.691    739

G4    812    418 16 0.741    792 14 0.564    603

G5 1100    970    8 1.05 1123    9 1.03 1106

G6    789    467 15 0.71    759 16 0.616    659

G7    905    535 14 0.83    888 11 0.689    737

G8 1069    705 10 0.986 1055 10 0.855    914

G9 1272 1070    4 1.19 1270    3 1.15 1231

G10 1116    991    6 1.06 1138    6 1.04 1111

G11 1616 1406    1 1.54 1647    1 1.47 1570

G12 1098    985    7 1.05 1126    8 1.03 1096

G13 1221 1076    3 1.16 1244    5 1.12 1200

G14 1280 1122    2 1.21 1292    2 1.2 1287

G15 1122    964    9 1.06 1129    7 1.02 1092

G16 1261 1059    5 1.19 1269    4 1.12 1193

Average 1069.25

Note. RPGV, performance genetic value; HMGV, harmonic mean of genotypic values; HMRPGV, harmonic mean and relative performance of genotypic values.

variables were performed with seven environments. The steps 
for climatic variables in the FR model based on AIC indicated 
average temperature in autumn (FallT), average rainfall in 
spring (SpringR), average rainfall in autumn (FallR) and 
average temperature in spring (SpringT) were detected to be 
important contributors to GE interaction (Table 8). 

Partial least squares regression analysis. The first and 
second PLSR factors based on environmental co-variables 
accounted for 73.12 and 9.16 % of the GE interaction sum of 
squares, respectively (Fig. 3). Environments located on the 
right-hand side of the biplot (E1, E2, E4 and E6) had high 
values for temperature co-variables (i. e., FallT, SpringT and 
WinterT), whereas the other environments (E3, E5 and E7) 
on the opposite side tended to have high rainfall (Table 9). 
These results indicate that some genotypes (G4, G11, G9, 
G14, G12, G8, G10, G15 and G13) performed better in high 
rainfall in winter and autumn seasons (see Fig. 3). The PLSR 
biplot displayed that high rainfall in the environments in the 
west of Iran (E3, Ilam 2017-18; E5, Khorramabad 2018-19 
and E7, Ilam 2018-19) led to high performance in genotypes. 

Discussion
The significant effect of genotype (16.90 %) and environment 
(37.13 %) is a sign of the comprehensive genetic background 
of experimental materials and diversity of experimental lo-
cations and cropping seasons. The significant effect of GEI 
shows different performance of genotypes in different environ-
ments. Other researchers also reported a greater contribution 
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of environmental effect on total variation of chickpea seed 
yield (Farshadfar et al., 2011; Sayar, 2017; Pouresmael et al., 
2018; Azam et al., 2020). Therefore, due to dependence of 
diversity of seed yield of chickpea genotypes on environment 
and genotype by environment interaction, further analysis 
needs to increase the selection efficiency of genotypes. In other 
words, the presence of significant GEI indicates the necessity 

to find the yield potential and adaptability of genotypes based 
on evaluations at several locations and in cropping seasons 
(Annicchiarico, 2002). Since the genotype by environment 
interaction can reduce any improvement due to selection, 
therefore, in selection of cultivars, combination of stability 
with seed yield can lead to good results (Yan et al., 2001).

AMMI analysis of variance showed a high contribution of 
the first two principal components, especially PC1 (84.6 %) in 
GEI. Other researchers also indicated contribution of 52.5 and 
21.95 % (Tilahun et al., 2015), 40.5 and 27.5 % (Farshadfar 
et al., 2013), 56.0 and 24.0 % (Farshadfar et al., 2011), 53.34 
and 33.25 % (Azam et al., 2020) and 32.7 and 20.4 % (Funga 
et al., 2017) of the first two principal components in GEI of 
chickpea seed yield. In accordance with the results of present 
study, the other researchers were also identified stable chick-
pea genotypes by AMMI stability indices (Farshadfar et al., 
2011, 2013; Zali et al., 2012; Funga et al., 2017; Pouresmael 
et al., 2018). Since the first two principal components had a 
high contribution on genotype by environment interaction, the 
stability indices including ASV, WAAS, Za and MASV had 
similar results in identifying the stable genotypes.

Identification of superior genotypes with AMMI indices 
was only based on genotype stability; so, genotypes G1 and 
G6 with a lower yield than average seed yield were identi-
fied as stable genotypes. Hence, ssi (Farshadfar, 2008) based 
on AMMI indices was used to find the superior genotypes. 
Since both aspects of stability and yield of a genotype were 
used in simultaneous selection index, the use of these indices 
prevents selection of stable genotypes with a low yield (Far-
shadfar, 2008). In accordance with these findings, A. Funga 
et al. (2017) also used ssi for yield performance and stability 
in chickpea to find stable and high-yielding genotypes. Use 
of simultaneous selection index for yield performance and 
stability can perform selection process with more confidence 
(Moghadam, 2003).

Table 8. Stepwise factorial regression model for climatic variables based on Akaike’s information criterion (AIC)

Effect name Sum Sq Df F-value AIC Pr > F TorF

Gen* FallT    8084394 15    3.745061 4992.872 4.81E–06 Effect entered

Gen* SpringR    8993428 15    5.055404 4939.702 8.60E–09 Effect entered

Gen* FallR 13256411 15 12.00947 4790.141 2.79E–22 Effect entered

Gen* SpringT    3053140 15    3.109111 4760.475 0.00012 Effect entered

Note. FallT, average temperature in autumn; SpringT, average temperature in spring; SpringR, average rainfall in spring; FallR, average rainfall in autumn.

Table 9. Seasonal rainfall and temperature in seven environments

Env    FallR    WinterR    SpringR FallT WinterT SpringT

Gachsaran 1 (E1)    17.47    21.3    20.17 19.9 14.13 25.87

Gonbad 1 (E2)    27.03    59.17    28.5 19.73 12.7 22.73

Ilam 1 (E3)    18.37    82.47    64.27 16.03    9.7 19.83

Gachsaran 2 (E4) 110.9    85.33    58.57 19.53 11.7 24.53

Khorramabad 2 (E5)    99.63 113.03 105.03 14.87    6.67 18.83

Gonbad 2 (E6)    42.37 133.57    33 19.7 12.87 22.43

Ilam 2 (E7) 127.13 109.43    63.73 15.7    9.1 19.83

Average    63.27    86.33    53.32 17.92 10.98 22.01

Note. The naming of environments is similar to Fig. 1.

Fig. 3. The biplot based on PLSR method with rainfall seasons’ covariates 
for seed yield of 16 chickpea genotypes in seven environments.
FallT, average temperature in autumn; winterT, average temperature in win-
ter; SpringT, average temperature in spring; SpringR, average rainfall in spring; 
winterR, average rainfall in winter; FallR, average rainfall in autumn.
The naming of genotypes and environments is similar to Table 9 and Fig. 1, 
respectively.
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Based on the AMMI1 biplot, G5, G12, G10, G9, and G14 
were the stable genotypes. Because the AMMI1 biplot uses 
both aspects of stability based on the first principal compo-
nent and seed yield to identify stable genotypes, when the 
contribution of the first principal component in GEI is high 
(84.6 %), the results of the AMMI 1 biplot are very similar 
to the results of ssi based on AMMI indices. H.G. Gauch 
and R.W. Zobel (1988) stated that despite the high value of 
environment main effect, for evaluation of genotypes, only 
the effects of genotype (G) and GEI are appropriate and so it 
is necessary to remove the environment mean effect (E) and 
concentrate on G and GE.

The AMMI2 biplot identified G6, G5, G10, G15, G14, G9 
and G3 as the most stable genotypes. This view of the biplot 
was also used for identifying the adapted genotypes to any of 
environments, so that the genotype placed at the top of each 
section is the best genotype for the environments in that section 
(Yan et al., 2000). Genotypes G7 and G8 ware compatible with 
three environments E2, E6 and E8; they can be considered as 
genotypes with specific adaptability to these environments. 
Identification of environments with the long vector could be 
more effective in finding stable genotypes (Yan, Kang, 2003). 
The discrimination and representatives of all of the environ-
ments except E3 must be ascribed to the amount of rainfall and 
its proper distribution in different seasons. In agreement with 
the present finding, other researchers have identified stable 
chickpea genotypes using the AMMI2 biplot (Pouresmael et 
al., 2018; Funga et al., 2017; Farshadfar et al., 2013). Another 
remarkable point is that when the contribution of the first 
principal component is very high, identification of stable and 
high-yielding genotypes based on the AMMI1 biplot is better 
than on the AMMI2 biplot, so that G12, which was unstable 
in the AMMI2 biplot, in terms of ssiASV, ssiZA, ssiDi and 
ssiWAAS and AMMI1 was found to be the superior genotype.

The top four superior genotypes compared to control va-
rieties based on HMRPGV were G11, G14, G9 and G13. In 
HMRPGV, the predicted genotypic values are declared as a 
proportion of the overall mean for each environment and then 
the mean value of this ratio is obtained across the environments 
(Rodovalho et al., 2015). The selection of genotypes in this 
method is based on stability, adaptability and yield perfor-
mance; therefore, this method indicated a positive response 
of genotypes to environmental improvements and the stability 
of genotypes over the environments. M.D.V. Resende (2007) 
declared the HMRPGV method evaluated simultaneously 
seed yield, adaptability and stability, in a genotypic context. 
In this stability index, the genotypes can be simultaneously 
sorted by genotypic values and stability using the harmonic 
means of the BLUP (Rodovalho et al., 2015).

The analytical approach to analyzing GE interaction is 
important to enhance the value of MET and gain an under-
standing of the causes of GE interaction. These approaches 
have been demonstrated successfully in a range of crop spe-
cies (van Eeuwijk et al., 1996; Mohammadi et al., 2020a, b). 
Factorial regression indicated rainfall to be very important at 
the beginning of the season to germination and establishing 
of seedlings and at the end of the season for its proper deve-
lopmental and reproductive growth stages. In confirmation of 
this result, S.H. Sabagh pour et al. (2006) stated that chickpea 
needs the most water during flowering, podding and seed 

filling and so, due to the lack of rainfall during these stages, 
terminal drought stress is a major abiotic stress for reducing 
chickpea productivity. 

The rainfall was relatively high in environments E3, E5 and 
E7 that favored the positive GE interaction with G13, G15, 
G10, G8, G12, G14, G9 and G4. The best genotypes based 
on experimental methods (G11, G14, G9, G13, G5, G10, G15 
and G12) were in the upper left quarter of the PLSR biplot 
(see Fig. 3). The seasonal rainfall of autumn and winter in 
environments E3, E5 and E7 in this quarter of the biplot, espe-
cially the last two environments, were higher than the average 
seasonal rainfall of all environments. The average seasonal 
temperature was also lower than the average temperature of 
all environments in these three environments. Thus, these 
environments can be considered as favorable environments 
in terms of these two climatic co-variables and the mentioned 
genotypes (G11, G14, G9, G13, G5, G10, G15 and G12) can 
be identified as superior genotypes in favorable conditions. 
The AMMI2 biplot also identified genotype G11 as a desirable 
genotype for environment E7. 

On the other hand, the seasonal rainfall in environment 
E1 was much lower than the average seasonal rainfall in 
all environments, and its temperature was higher than the 
seasonal temperature in all environments. Therefore, this 
trial environment can be considered as an environment with 
drought and heat stresses for chickpea, which is a cold-loving 
crop. The PLSR biplot also demonstrates this hypothesis well, 
because the seasonal rainfall was on the opposite side of this 
environment and the average seasonal temperature was on its 
same side. Hence, genotypes located in the quadrant of this 
environment (right and bottom) can be considered genotypes 
tolerant to drought and heat stresses. The AMMI2 biplot also 
identified genotypes G2 and G6 as suitable for this environ-
ment. This environment had a high discriminating power 
due to the vector length in the AMMI2 biplot, so its results 
can be trusted and these results can be used properly. In the 
PLSR biplot, genotypes G6, G7, G2, G3, G16, G5 and G1 
were in the same quarter along with environment E1. From 
these genotypes, G5 and G16 had a higher performance than 
the average yield of all genotypes and can be considered as 
tolerant genotypes to heat and drought stresses. Since geno-
type G16 was previously introduced as a cultivar, genotype G5 
can be recommended as a suitable genotype for dryland and 
hot conditions. Such a conclusion is possible only from a 
combination of analytical and experimental approaches. If 
such analyzes were not performed here, we would not be able 
to achieve such results. It is happening on moisture stress 
towards the end of the cropping season with frequent events 
of heat stress in chickpea. Thus, the crop is exposed to stress 
conditions during the reproductive stage causing yield losses 
(Devasirvatham, Tan, 2018). A decrease in chickpea yields was 
observed with a 1 °C increase in seasonal temperature (Kalra et 
al., 2008; Upadhaya et al., 2011). Similarly, with every 0.1 °C 
temperature rise combined with 31 % reduction in seasonal 
rainfall, the yield of chickpea decreased (Dubey et al., 2011). 
This shows that high temperature and drought are the major 
factors that affect chickpea production. M.D. Kadiyala et al. 
(2016) have stated that unpredictable climate change is the 
main restriction for chickpea production as it increases the 
frequency of drought and temperature extremes, i. e. high 
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(> 30 °C) and low (< 15 °C) temperatures, which reduces seed 
yield considerably. Thus, high and stable yielding cultivars of 
chickpea during such stress conditions need to be developed 
(Chaturvedi, Nadarajan, 2010; Krishnamurthy et al., 2010; 
Devasirvatham et al., 2015; Devasirvatham, Tan, 2018).

Conclusion
Stability analysis was performed by analytical (FR and PLSR) 
and experimental (AMMI analysis and HMRPGV based on 
mixed models) approaches. Simultaneous selection index 
was superior to AMMI indices for identifying stable and high 
yielding genotypes. Comparison between HMRPGV method 
and AMMI indices shows that HMRPGV index relies more on 
seed yield performance than stability of the genotype, so that 
genotypes G11 and G13, which were not stable in any of the 
AMMI indices and had specific adaptation to environments E7 
and E3, respectively, with HMRPGV stability index, have been 
identified as superior genotypes. Factorial regression indicated 
that rainfall is very important at the beginning and end of the 
growing seasons. The PLSR biplot indicated that E3, E5 and 
E7 can be considered as favorable environments in terms of 
seasonal rainfall and temperature and G11, G14, G9, G13, G5, 
G10, G15 and G12 can be identified as superior genotypes in 
favorable conditions. In general, based on different methods, 
genotype G14 had good performance and stability of seed 
yield in many environments and in all of the methods and could 
be a candidate for introduction of new cultivars. The PLSR 
biplot also identified genotype G5 as a suitable genotype for 
moisture and temperature stresses conditions.
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Abstract. Earthworms are an important ecological group that has a significant impact on soil fauna as well as plant 
communities. Despite their importance, genetic diversity and phylogeny of earthworms are still insufficiently studied. 
Most studies on earthworm genetic diversity are currently based on a few mitochondrial and nuclear genes. Mitochon-
drial genomes are becoming a promising target for phylogeny reconstruction in earthworms. However, most studies 
on earthworm mitochondrial genomes were made on West European and East Asian species, with much less sampling 
from other regions. In this study, we performed sequencing, assembly, and analysis of the mitochondrial genome of 
Dendrobaena tellermanica Perel, 1966 from the Northern Caucasus. This species was earlier included into D. schmidti 
(Michaelsen, 1907), a polytypic species with many subspecies. The genome was assembled as a single contig 15,298 bp 
long which contained a typical gene set: 13 protein-coding genes (three subunits of cytochrome c oxidase, seven sub-
units of NADH dehydrogenase, two subunits of ATP synthetase, and cytochrome b), 12S and 16S ribosomal RNA genes, 
and 22 tRNA genes. All genes were located on one DNA strand. The assembled part of the control region, located 
between the tRNA-Arg and tRNA-His genes, was 727 bp long. The control region contained multiple hairpins, as well 
as tandem repeats of the AACGCTT monomer. Phylogenetic analysis based on the complete mitochondrial genomes 
indicated that the genus Dendrobaena occupied the basal position within Lumbricidae. D. tellermanica was a rather dis-
tant relative of the cosmopolitan D. octaedra, suggesting high genetic diversity in this genus. D. schmidti turned out to 
be paraphyletic with respect to D. tellermanica. Since D. schmidti is known to contain very high genetic diversity, these 
results may indicate that it may be split into several species.
Key words: earthworms; Lumbricidae; Dendrobaena tellermanica; mitochondrial genomes.
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Митохондриальный геном Dendrobaena tellermanica Perel, 1966 
(Annelida: Lumbricidae)
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Аннотация. Дождевые черви – важная экологическая группа, которая оказывает значительное влияние как на 
состав почвенной фауны, так и на растительность. Генетическое разнообразие и филогения дождевых червей 
при этом остаются относительно слабо изученными. В настоящее время большинство работ по генетическому 
разнообразию дождевых червей основывается на единичных митохондриальных и ядерных генах. В связи с этим 
для реконструкции филогенетических отношений у дождевых червей перспективными становятся митохон-
дриальные геномы. Почти все работы по этой теме посвящены видам из Западной Европы или Восточной Азии, 
другие регионы практически не затронуты. В настоящей работе мы провели секвенирование, сборку и анализ 
митохондриального генома Dendrobaena tellermanica Perel, 1966. Этот вид ранее входил в состав кавказского 
вида D. schmidti (Michaelsen, 1907) – политипического вида, в пределах которого выделяли множество таксонов. 
Геном был собран в виде одного контига длиной 15 298 п. н., содержащего типичный набор генов: 13 белок-коди-
рующих генов (три субъединицы цитохромоксидазы, семь субъединиц NADH дегидрогеназы, две субъединицы 
АТФ синтетазы, цитохром b), гены 12S и 16S рибосомальной РНК и 22 гена тРНК. Все гены были расположены на 
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одной цепи ДНК. На контрольный регион, находящийся между генами tRNA-Arg и tRNA-His, приходилось 727 п. н. 
Контрольный регион содержал множество шпилек, а также тандемные повторы мономера AACGCTT. Филогене-
тический анализ на основе полных митохондриальных геномов показал, что род Dendrobaena является базаль-
ным в семействе Lumbricidae. D. tellermanica оказалась довольно далеким родственником космополитного вида 
D. octaedra, что говорит о высоком генетическом разнообразии в этом роде. Вид D. schmidti был парафилетичным 
по отношению к D. tellermanica. Поскольку для D. schmidti характерна очень высокая генетическая изменчивость, 
можно рассматривать эти данные как свидетельство в пользу разделения D. schmidti на несколько видов.
Ключевые слова: дождевые черви; Lumbricidae; Dendrobaena tellermanica; митохондриальные геномы.

Introduction
Earthworms are an important ecological group that accounts 
for the highest biomass among the soil fauna in many habitats 
(Hendrix et al., 2008). Its representatives process plant detritus 
to soil humus and return organic matter to the global cycles 
(Blouin et al., 2013). Earthworms also form soil structure, 
which has high impact on both soil fauna composition and 
vegetation (Lavelle et al., 2016). Therefore, this group defines 
ecosystem productivity in many respects.

Genetic diversity and phylogeny of earthworms remain 
insufficiently studied (Marchán et al., 2018). Currently, most 
works on earthworm genetic diversity are based on single 
mitochondrial and nuclear genes (Jamieson et al., 2002; 
Mar chán et al., 2022). Construction of multigene nuclear 
data sets is im peded by frequent polyploidy characteristic for 
this group (Vik torov, 1997; Vsevolodova-Perel, Bulatova, 
2008; Mezhzhe rin et al., 2018), which makes it hard to detect 
suitable orthologs and amplify them by PCR.

Mitochondrial genomes are thus a promising tool for 
reconstruction of phylogenetic relationships in earthworms. 
A lot of mitochondrial genomes were sequenced and published 
in recent years (Zhang L. et al., 2014–2016a, b; Wang et al., 
2015; Conrado et al., 2017; Hong et al., 2017; Shekhovtsov, 
Peltek, 2019; Zhang Q. et al., 2019; Liu et al., 2020; Seto et 
al., 2021; Csuzdi et al., 2022; Kim, Hong, 2022), and studies 
on phylogenetic relationships of certain groups were also 
conducted (Shekhovtsov et al., 2020a; Liu et al., 2021). How-
ever, almost all of these studies were made on species from 
West Europe and East Asia, with almost no representatives 
of other regions.

In this study, we performed sequencing, assembly, and 
analysis of the mitochondrial genome of Dendrobaena tel
ler manica Perel, 1966. This species was earlier included into 
D. schmidti (Michaelsen, 1907), a polytypic species that was 
considered to contain multiple subspecies (Michaelsen, 1907; 
Kvavadze, 1985). D. tellermanica was believed to be a par-
thenogenetic form of  D. schmidti (Perel, 1966). T.S. Vsevolo- 
dova-Perel (2003) demonstrated that many populations of 
D. tellermanica are amphimictic (sexual) and so isolated it 
into a separate species. D. tellermanica differs from D. schmidti 
by the lack of pigmentation, different position of the clitellum 
and the form of tuberculae pubertatis (Vsevolodova-Perel, 
2003).

Currently, there is only one complete mitochondrial genome 
of the genus Dendrobaena in GenBank belonging to the 
cosmopolitan D. octaedra (Savigny, 1826). The mitochon-
drial genome of D. tellermanica will be the first sequenced 
mitochondrial genome of a Caucasian earthworm and will be 
important for studying the phylogeny of lumbricids.

Materials and methods
Specimens of D. tellermanica were collected in the Kara chay-
Cherkess Republic (right bank of r. Uchkulan, road to the 
Chiper pass, 1483 a. s. l., 4–5 km from the Aktyube town, Al
chemilla and Geranium meadow, N 43.410944, E 42.174538). 
Worms were fixed in ethanol. Morphological identification 
was performed according to the key of T.S. Vsevolodova-
Perel (1997).

DNA was extracted using the standard phenol-chloroform 
method and sonicated on Covaris M220 to the target fragment 
length of 350 bp. The fragments were purified by 1.2 volume 
of  AMPureXP (Beckman Coulter, USA) and quantified  using 
fluorometry on a Qubit device. Genomic libraries were ob-
tained from 100 ng of DNA using Roche KAPA Hyper Prep 
according to the manufacturer’s protocol using KAPA UDI 
Adapter double barcodes. Quality and molarity of the obtained 
genomic library was assessed on a BA2100 bioanalyzer 
 using the Agilent DNA High Sensitivity Kit and sequenced 
on an Illumina NextSeq550 with the Mid Output Kit v. 2.5 
(300 Cycles) for 2×150 bp paired reads.

The obtained data were processed by TrimmomaticPE 
(Bolger et al., 2014) with the ILLUMINACLIP:TruSeq3-
SE:2:30:10 SLIDINGWINDOW:4:15 MINLEN:36 options. 
SPAdes v. 3.14.1 was used for contig assembly (Bankevich 
et al., 2012) with the --isolate option. The assembled contigs 
were aligned with mitochondrial earthworm genomes from 
the NCBI database with blastn (https://blast.ncbi.nlm.nih.gov) 
in order to search for mitochondrial sequences. 

Preliminary annotation was done by MITOS 2 (Bernt et al., 
2013) with subsequent manual comparison with annotated 
earthworm genomes. The mitochondrial genome of D. teller
manica was deposited in GenBank under accession number 
ON960857. Map of the genome was constructed using Bench-
ling (https://www.benchling.com/).

Secondary structures of tRNAs were visualized using 
MITOS 2 (Bernt et al., 2013); of the control region, using 
RNAfold Web Server (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) and forna (http://rna.tbi.univie.
ac.at/forna/forna.html) (Gendron et al., 2001). Search for tan-
dem repeats was done by Tandem Repeats Finder (Benson, 
1999). For phylogenetic reconstructions, mitochondrial ge-
nomes were aligned with Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/); control regions were not included 
into the alignments. Ambiguously aligned regions were re-
moved with gblocks 0.91b (Castresana, 2000). Earthworm 
mitochondrial genomes and sequences of the COX1 gene of 
representatives of the Dendrobaena genus were extracted 
from GenBank. Phylogenetic trees were built using the Maxi-
mum Likelihood approach in RAxML v. 8.2.12 (Stamatakis,  

https://blast.ncbi.nlm.nih.gov
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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Fig. 1. The organization of the D. tellermanica mitochondrial genome.

2014) with the GTRCAT substitution mo-
del; 1000 bootstrap replicates were per-
formed.

Results
We obtained 4.2 million paired reads for the 
D. tellermanica genomic library; 3.4 mil - 
lion remained after processing. Median 
coverage of genome contigs longer than 
500 bp was estimated at 6 (average – 20), 
median coverage for the mitochondrial 
contig was 20 (average – 30).

The assembled mitochondrial contig 
was 15,298 bp long and contained the typi-
cal set of genes: 13 protein-coding genes 
(three subunits of cytochrome oxidase, 
seven subunits of NADH dehydrogena-
se, two subunits of ATP synthase, and 
cytochrome b), 12S and 16S ribosomal 
RNA genes, and 22 tRNA genes. All genes 
were located on one DNA strand (Fig. 1). 
AT- con tent was 65.3 %. The leading strand 
contained 31.1 % А, 34.2 % Т, 13.9 % G, 
and 20.8 % C. The ND4 and ND4L genes 
overlapped by 7 bp. ATG was the only start 
codon used. Three protein coding genes 
(COIII, ND1 и ND2) had an abbreviated 
stop codon. Transport RNA genes were 60 
to 69 bp long, their predicted structures are 
shown on Fig. 2.

The region between the tRNAArg and 
tRNAHis genes is known as the control 
region. A total of 727 bp were assigned 
to it. The control region could not be as-
sembled, so the final sequence contained 
a gap. Its АТ-content (63.5 %) was close 
to the genome average, and its sequence 
contained multiple hairpins (see Fig. 2). 
It also included 11 tandem repeats of the 
AACGCTT monomer.

Discussion

Organization of mitochondrial genome 
in earthworms
For a long time, the study of J.L. Boore 
and W.M. Brown (1995) on Lumbricus 
ter restris was the only description of an 
earthworm mitochondrial genome. It was 
14,998 bp long and contained a set of 
genes usual for animal mitochondria. The 
hallmark of earthworm mitochondrial ge-
nomes, as well of Annelida as a whole, with 
few exceptions, is that all genes are located 
on a single strand (Weigert et al., 2016). 
All mitochondrial genes in earthworms are 
presumably expressed as a single transcript 
(Vallès, Boore, 2006). In this case, any 
inversions and most of the translocations 

will be non-viable, which leads to fixed gene positions in the genome. Indeed, 
mitochondrial gene order in annelids is highly conserved, and all Clitellata have 
identical gene order. We also failed to find any deviations from this rule.

While mtDNA gene order in earthworms is conserved, its sequence is highly 
variable, which is especially pronounced for the control region (also referred to 
as the D-loop). The control region acts as the replication origin, promotor, and 
the regulatory region for the mitochondrial gene expression (Clayton, 1992). 

Organization of the control region varies in different earthworm taxa. Among 
the representatives of Glossoscolecidae and Megascolecidae they are short, 
usually less than 500 bp (Zhang L. et al., 2016a; Hong et al., 2017; Zhang Q. 
et al., 2019; Seto et al., 2021; Kim, Hong, 2022), while in two species of Dra
wida (Moniligastridae) these sequences were completely absent (Liu et al., 
2020). In Lumbricidae, the length of the control region varies from 400 bp in 
L. terres tris to 2000 bp in Eisenia fetida. For many species, control regions 
could not be amplified (Shekhovtsov et al., 2020a) or even recovered using NGS 
methods (Zhao et al., 2022). Here, we also failed to amplify the lacking part 
of the control region of D. tellermanica. This could be caused by its length or 
complex secondary structure: Fig. 2 demonstrates that almost all of the control 
region forms hairpins.

The phylogeny of earthworms based on mitochondrial genomes  
and the position of D. tellermanica
Phylogenetic analysis based on complete mitochondrial genomes (Fig. 3) 
suggests that Moniligastridae is distantly related to other earthworm families. 
Glossoscolecidae, represented here by a single species Pontoscolex corethru
rus, occupied the basal position within the order Crassiclitellata. Megascolecidae 
and Lumbricidae, which were the most densely sampled, turned out as sister  
groups.
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Within the family Lumbricidae, which includes D. teller
manica, the genus Dendrobaena was the sister group to 
all other genera of the family. There are only two known 
mitochondrial sequences for the genus Dendrobaena, the 
cosmopolitan  D. octaedra and D. tellermanica obtained in 
this study. Expectedly, D. tellermanica forms a clade with 
D. octaedra, but they are rather distantly related. 

We can conclude that this work is a first step in the study 
of the basal branches of Lumbricidae. Representatives of 
the genus Dendrobaena from the Caucasus are particularly 
interesting in this respect, because they account for a large 
part of its species diversity.

Earlier we performed a genetic analysis of morphological 
forms of D. schmidti (Shekhovtsov et al., 2020b), demonstrat-
ing that it represents at least two separate species. On the 
phylogenetic tree constructed using the COX1 gene (Fig. 4), 
D. tellermanica was inside one of the branches of  D.  schmid ti. 

We should note that single mitochondrial genes, including 
COX1, are unsuitable for phylogenetic reconstruction on the 
family level (Klarica et al., 2012; Shekhovtsov et al., 2016, 
2020c), since they demonstrate poor resolution of the rela-
tionships between species and do not support the monophyly 
of most genera. COX1 is however of much use in the search 
for closely related species or genetic lineages. Moreover, there 
are thousands of COX1 sequences in the public databases 
and only a few mitochondrial genomes; e. g., mtDNA of  
D. schmid ti has not been sequenced yet. Therefore, the tree 
on Fig. 4 is given only to demonstrate the close relationship 
of D. tellermanica and D. schmidti. 

Conclusion
The obtained preliminary results indicate that D. tellermanica 
could be treated as a subspecies of D. schmidti, as was believed 
earlier, or split D. schmidti into several species. The latter 
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Fig. 4. Phylogenetic tree based on the COX1 gene for the genus Dendrobaena using the Maximum Likelihood method. 
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option is supported by the high genetic and morphological 
variation within this species. However, such conclusions 
would require an analysis based on several loci, including 
nuclear ones.
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the basis of morphology as S. vaginata, and the S. pectinata type A group was formed by the samples identified on the 
basis of morphology as S. pectinata. The S. pectinata type B group was further divided into two subgroups, S. pectinata 
type B subgroup and S. chakassiensis subgroup. The S. chakassiensis subgroup included mainly the samples identi-
fied as such on the basis of morphology. The S. pectinata type B subgroup included samples identified on the basis of 
morphology as S. pectinata, S. vaginata and S. macrocarpa. We suppose that these samples were S. pectinata type B, 
S. macrocarpa and their hybrids.
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Использование первичной структуры района ITS1–ITS2  
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водных макрофитов рода Stuckenia
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Аннотация. Проведен биоинформационный анализ первичной структуры района ITS1–ITS2 образцов S.  va gi
nata и S. pectinata, взятых из публичных баз данных, ссылки на которые приведены в опубликованных работах. 
Показано, что межвидовые различия S. vaginata и S. pectinata обусловлены делециями/вставками и одно- или 
двунуклеотидными заменами. Более того, вид S. pectinata по структуре района ITS1–ITS2 представлен двумя 
генотипами, которые обозначены как S. pectinata тип A и S. pectinata тип B, различия между которыми обуслов-
лены одно- или двунуклеотидными заменами. Это демонстрирует возможность применения данного района 
для определения видовой принадлежности у представителей рода Stuckenia. Для экспериментальной провер-
ки возможности использования данного района у 28 образцов, определенных на основании морфологиче-
ских признаков как S. pectinata, S. vaginata, S. macrocarpa и S. chakassiensis, выполнено определение первичной 
структуры района ITS1–ITS2. Анализ полученных экспериментальных данных показал, что они распадаются на 
три группы, третья группа представлена двумя подгруппами. Эти группы соответствуют S. vaginata, S. pectinata 
тип A и S. pectinata тип B. В группу S. vaginata попали образцы, которые на основании морфологических призна-
ков определены как S. vaginata. В группу S. pectinata тип A попали образцы, которые на основании морфологиче-
ских признаков определены как S. pectinata. Группу S. pectina ta тип B на основании первичной структуры района 
ITS1–ITS2 можно разделить на две подгруппы: S. pectinata тип B и S. chakassiensis. В подгруппу S. pectinata тип B 
вошли образцы, которые на основании морфологических признаков определены как S. pectinata, S. vaginata и 
S. macrocarpa. В подгруппу P. chakassiensis в основном вошли образцы, которые на основании морфологических  
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признаков определены как S. chakassiensis. На основании выравнивания последовательностей подгруппы S. pec
tinata тип B сделано предположение, согласно которому в данную подгруппу объединены последовательности, 
принадлежащие S. pectinata тип B, S. macrocarpa и их гибридам.
Ключевые слова: Potamogetonaceae; Stuckenia; S. chakassiensis; S. macrocarpa; S. pectinata; S. vaginata; район ITS1–ITS2; 
идентификация видов.

Introduction
Representatives of the genera Potamogeton L. and Stucke
nia, formerly considered as a single genus Potamogeton, are 
aquatic plants present in all the continents except for the 
Antarctica. They inhabit both fresh and brackish standing and 
slow-moving waters. Both genera are characterized by high 
intraspecies morphologic variability causing difficulties for the 
systematics (Kaplan, Stepanek, 2003). Besides, there exist a lot 
of interspecies hybrids that are sometimes taken for individual 
species (Wiegleb, Kaplan, 1998). Another difficulty in the 
taxonomy of the genus is due to the existence of polyploids 
and aneuploids (Les, 1983; Hollingsworth et al., 1998; Kaplan, 
2002; Fant et al., 2003; 2005; Lindqvist et al., 2006; Kaplan 
et al., 2009; Kaplan, 2010). According to literature data, the 
genus Potamogeton in the former broad sense counted about 
1300 described species and interspecies hybrids, however, 
analysis of the herbarium samples allowed to identify only 
69 to 90 species and 40 to 50 interspecies hybrids (Wiegleb, 
1988; Wiegleb, Kaplan, 1998). In that sense, the genus was 
split in two subgenera Potamogeton L. and Coleogeton Rchb., 
species of the latter being distinguished by floating thickened 
leaves with long sheaths, hydrophilic (not anemophilic) in-
florescences on long peduncles, commonly bearing widely 
separated whorls of flowers, as well as charac teristic pol-
len structure (Sorsa, 1988). In the species of the subgenus 
Potamogeton, chromosome number varies from 2n = 14 to 
2n = 52, while in the species of the subgenus Coleogeton it 
is 2n = 78 (Les, 1983; Les, Haynes, 1996). The distinction of 
these two subgenera was supported by the complete absence 
of hybrids between species of these subgenera, while within 
both subgenera hybridisation is quite widespread (Tsvelev, 
1996; Wiegleb, Kaplan, 1998). Due to a number of reasons, 
Coleogetоn was proposed to be considered as a separate genus 
(Les, Haynes, 1996). Of the names suggested at the generic 
rank, Coleogetоn and Stuckenia Börner, the latter is correct 
(Holub, 1997; Haynes et al., 1998a, b). At present, there exist 
two parallel versions of species names, for example, Potamo
geton pectinatus L. is a synonym of Stuckenia pectinata (L.) 
Börner and so on. In this work we will consider the taxon in 
question at the generic level, as Stuckenia, and will use the 
specific names even if the cited authors used Potamogeton.

Studies of phylogenetic relationships in the family Potamo-
getonaceae, including representatives of the genera Potamo
geton and Stuckenia using both plastid DNA markers (Iida et 
al., 2004) and 5S-NTS region of the nuclear genome (Lind-
qvist et al., 2006) showed that members of these genera cluster 
into two clearly distinguishable groups with high bootstrap 
support. This is in good accordance with conclusions made 
on the basis of morphologic characters. However, Q.D. Wang 
et al. (2007) found the latter region of Potamogeton and   
Stuckenia similar and did not support separation of the latter 
genus. 

Taxonomy of the genera Potamogeton and Stuckenia, as 
well as other aquatic plants, is based mainly on anatomy and 
morphology of leaves, fruits, stems. The study of herbarium 
specimens showed that these characters are highly variable 
within a species. On the whole, all species of these two ge-
nera can be divided into three groups according to the degree 
of variability: (i) species with rather uniform morphological 
traits in spite of wide geographic range, their species attribu-
tion does not cause difficulty (P. obtusifolius Mert. et Koch, 
P. praelongus Wulf., P. crispus L.); (ii) species with a wide 
spectrum of variability within geographic range, so they can 
be sometimes misidentified as novel species or interspe-
cies hybrids (P. striatus Ruiz. et Pav., S. filiformis Pers. and  
 others); (iii) species with extremely high morphologic vari-
ability even in the same area so that their species attribution 
is always problematic (S. pectinata and others) (Wiegleb, 
1988). Experimental cultivation of the clones of different 
species under controlled conditions (at different depths, diffe
rent nutritional values of the substrate, different illumination) 
showed that morphological traits essential for the taxonomy 
vary with environmental changes and therefore cannot serve 
as reliable markers for species attribution (Kaplan, 2002). 
For example, herbarium samples collected in Central Russia, 
in the Caucasus, Middle Asia, Southern Siberia identified as 
S. filiformis upon re-examination turned out to be S. pectinata 
(Maemets, 1979). It has been noted that in the Arctic region 
of the European part of the former USSR, S. filiformis as well 
as interspecies hybrid S. filiformis Pers. × S. vaginatus Turcz. 
are often identified as S. pectinata (Maemets, 1979). Taxo-
nomic revision of the Stuckenia species also revealed cases 
of erroneous species attribution in the group considered (Ka-
plan, 2008).

In the late 20th century biochemical markers, first of all, 
isozymes came into use for the study of the representatives of 
the genus Potamogeton and Stuckenia. These markers were 
used for the study of presumed interspecies hybrids con-
sidered as such on the basis of morphology (Hollingsworth 
et al., 1996; Kaplan, Stepanek, 2003). Later on, methods of 
molecular bio logy (RAPD, PCR RLFP, AFLP analyses) were 
employed for the study of interspecies hybrids (Whittall et al., 
2004; Uehara et al., 2006; Kaplan et al., 2009). 

The primary structure of the ITS1–ITS2 region of the 
nuclear genome is widely used for the study of phylogenetic 
relationships of a broad spectrum of organisms. At the same 
time, it can be utilized for species attribution of a given speci-
men when other approaches are inapplicable or complicated 
(Kress et al., 2005; Fazekas et al., 2012). This is the principle 
of the method of DNA barcoding of living organisms. How-
ever, this approach has certain limitations which should be 
considered in its practical applications and which are widely 
debated in literature (Shneyer, Rodionov, 2019). Since a large 
body of  biodiversity remains poorly studied, primary structure 
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of the ITS1–ITS2 region allows to make a conjecture about 
existence of new species but not isolate and describe them 
(Desalle, 2006).

The aim of the present work was to study the applicability 
of the primary structure of the ITS1–ITS2 region for species 
attribution of a number of samples of the genus Stuckenia, 
classified on the basis of morphology as S. pectinata, S. va
ginata, S. macrocarpa (Dobroch.) and S. chakassiensis (Ka-
shina) Volobaev. 

Material and methods
The present study is based on sequences of both reliably 
identified species present in Gene Bank at the moment of 
this study and original sequences from 28 plant specimens. 
Of these, 7 were identified as S. pectinata, 7 as S. vaginata, 
9 as S. macrocarpa and 5 as S. chakassiensis on the basis 
of morphology (Suppl. Material1). Plant material has been 
provided by L.M. Kipriyanova (Institute for Water and Envi-
ronmental Problems of Siberian Branch of the Russian  Aca-
de my of Sciences, Novosibirsk department, Russia). DNA was 
extracted from dry (herbarium) material or fixed and stored 
in ethanol. DNA extraction was performed with the use of 
2x CTAB buffer as described by S.O. Rogers and A.J. Ben
dich with modifications (1985). Plant tissue (0.02–0.05 g of 
dry or 0.2–0.3 g of stored in ethanol) was thoroughly grinded 
in a mortar in the presence of 0.05 g aluminium oxide and 
1 ml of extraction buffer freshly prepared before the extrac-
tion procedure dissolving 0.03 g polyethylene glycol 6000 
and 0.05 g dithiothreitol in 1 ml 2х СТАВ (2 % СТАВ, 1.4М 
NaCl, 0.1М TRIS pH = 8.0, 20 mM EDTA). Homogenate was 
transferred to 2 ml tubes and incubated for 30 min at 75 °С. 
Then, 1 ml dichloromethane was added to each tube and 
thoroughly mixed for 10 min, the tubes were centrifuged for 
10 min at 6708 x g. The supernatant was transferred to a fresh 
tube and added with 0.2 volumes of 5х СТАВ (5 % СТАВ, 
350 mM EDTA), mixed and incubated for 10 min at 65 °С. 
Then each tube was added with 1 ml dichloromethane, mixed 
for 10 min and centrifuged as described above. The superna-
tant was transferred to fresh tubes and DNA was precipitated 
adding equal volume of isopropanol, mixing and keeping at 
–20 °С for 1 h or more. Nucleic acids were precipitated by 
centrifuging as described above, washed twice with 70 % 
ethanol, dried and resuspended in 50 µl deionised water. For 
Polymerase Chain Reaction (PCR) 10-fold dilution (1 part 
nucleic acid solution: 9 parts of water) was used.

PCR reaction was performed in a volume of  20µl with 
2 µl of 10х ammoniumsulphate buffer, 2 µl of 25 mM 
MgCl2, 0.2 µl of the Tаq polymerase (5 U/µl), 0.15 µl BSA 
(10 mg/ ml), 1 µl of forward and reverse primers (10 pM) 
each, and 2 µl of diluted DNA. Concentration of dNTPs in 
the reaction mixture was 0.2 mM each. PCR reaction was held 
under following conditions: initial denaturation 95 °С – 3 min; 
then 38 cycles including: denaturation at 94 °С – 30 s, primer 
annealing at 58 °С – 30 s, elongation at 72 °С – 60 s; termi-
nal elongation at 72 °С – 5 min. To amplify the ITS1–ITS2 
region, ITS5m (5′GGAAGGAGAAGTCGTAACAAGG) 
and ITS4 (5′TCCTCCGCTTATTGATATGC) primers were 
used (Sang et al., 1995).
1 Supplementary Material is available in the online version of the paper: 
https://vavilovj-icg.ru/download/pict-2023-27/appx4.pdf

For the sequencing reaction, the same primers were used 
as for amplification. In some cases, when the use of the pri
mers ITS-5m and ITS-4 failed to produce chromatograms 
of the suitable quality, specially designed sequencing pri-
mers were used: seqITSF (5′GATGACTCTCGGCAACGG 
ATA) and seqITSR (5′CTCGATGGTTCACGGGATTCT). 
Sanger sequencing reaction was performed with the use of 
ABI PRISM® BigDye™ Terminator v3.1 Ready Reaction 
Cycle Sequencing Kit. Determination of the primary structure 
of the resulting products was done at the SB RAS Genomics 
Core Facility (Novosibirsk). Nucleotide sequences obtained 
in this study were deposited in GenBank under accession 
numbers MH427614 to MH427641.

Besides, sequences HE613425, HE613426, HE613427, 
HE613428, HE613433, HE613434, KF270926, KF270927, 
KF270928 and KF270929 were taken from public data-  
bases.

Sequences were aligned by ClustalW program incorporated 
into Mega 5 package (Thompson et al., 1994; Tamura et al., 
2011). Estimations of pairwise divergence between sequences 
were conducted in MEGA 5 (Tamura et al., 2011). The trees 
were constructed by the Maximum Likelihood method based 
on the Tamura–Nei model by means of MEGA 5 package 
(Tamura, Nei, 1993). Numbers at the nodes represent bootstrap 
values as percentages out of 1000 replicates and are shown 
only for values greater than 50 %. 

Results

Study of applicability of the ITS1–ITS2 region  
for species identification on the basis of sequences  
from public databases 
To make sure that data on the primary structure of the ITS1–
ITS2 region are applicable for species identification of the re
presentatives of the genus Stuckenia, the following sequences 
were analysed: НЕ613433, НЕ613434, КF270928, КF270929 
referred to as belonging to S. vaginata, and KF270926, 
HE613427, КF270927 НЕ613425, НЕ613426 НЕ613428, 
attributed to S. pectinata (McMullan et al., 2011; Kaplan et 
al., 2013). These sequences were obtained by two independent 
research teams who sequenced the ITS1–ITS2 region both 
in S. pectinata, and S. vaginata. The entries beginning with 
“КF” come from the Institute of  Botany, Academy of Sciences 
of Czech Republic, and those beginning with “НЕ” were 
obtained by a research group from Great Britain. An analysis 
of the origin of the specimen studied showed that they were 
collected in rather distant geographic points. Namely, S. vagi
nata specimens were sampled in the Bothnia Bay near the 
coast of Sweden and Finland, in the Irkutsk region (Russia), 
and in the USA. S. pectinata samples were collected in USA, 
Netherlands, Great Britain, Italy, Russia and India.

Pairwise comparison of the above mentioned sequences 
showed that intraspecies differences within S. pectinata re-
vealed in one of the studies coincided with those revealed 
in the other study (Table 1). Some ITS1–ITS2 sequences of 
S. pectinata obtained in different studies were identical. Pair
wise comparison of ITS1–ITS2 sequence of S. vaginata de-
monstrated similar results. Thus, the data on the ITS1–ITS2 
primary structure of a species obtained in one study are sup-
ported by those of the other study. 

https://vavilovj-icg.ru/download/pict-2023-27/appx4.pdf
https://vavilovj-icg.ru/download/pict-2023-27/appx4.pdf
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The sequences taken from public databases were used to 
construct a phylogenetic tree (Fig. 1). This tree contains three 
rather well supported groups. The entire group I is formed by 
the sequences referring to S. vaginata while groups II and III 
are formed by the sequences referring to S. pectinata. 

All specimens belonging to the groups II and III were 
identified as S. pectinata, but had different structure of the 
ITS1–ITS2 region, this difference being supported by high 
bootstrap values. To distinguish between the genotypes within 
S. pectinata samples, those from group II were denoted as 
S. pectinata type А (S. pectinata genotype А), and those from 
group III – as S. pectinata type В (S. pectinata genotype В). 
Table 2 presents the alignments of the sequences of the three 
indicated groups. It can be seen that S. pectinata type А is 
represented by two haplotypes differing by a deletion at the 
position 136 and 138 (KF270926). Other samples of S. vagi
nata and S. pectinata type В have no such deletion. This 
haplotype with the deletion was not found in the samples 
studied in the present work, so this unique variant is not 
considered further. As seen from the alignments, S. vaginata 
differs from S. pectinata type А and S. pectinata type В by 
three indels (two one-nucleotide and one nine-nucleotide) and 
several nucleotide substitutions (sixteen one-nucleotide and 
two twonucleotide). The differences between S. pectinata 
type А and S. pectinata type В are smaller and consist of five 
one-nucleotide and one two-nucleotide substitutions. Thus, 

the primary structure of the ITS1–ITS2 region not only al-
lows to identify known species S. vaginata and S. pectinata 
but also reveals the hitherto unknown type dichotomy of the 
latter for А and В types.

Sequencing and analysis of the ITS1–ITS2 region  
in the representatives of the genus Stuckenia
Primary structure of the ITS1–ITS2 region was determined 
in 28 samples (see Suppl. Material). Also, three sequences 
from public databases were involved into analysis to provide 
a reference: HE613427 representing “S. pectinata type А”, 
HE613428 representing “S pectinata type В” and HE613434 
representing “S. vaginata”. These sequences served as refer-
ences to make species attribution of the sequenced samples 
to S. vaginata, S. pectinata type А or S. pectinata type В 
according to the primary structure of the ITS1–ITS2 region. 

The so formed data array was used to reconstruct a phy-
logenetic tree (Fig. 2). The sequences formed three groups 
with good bootstrap support. The first group was formed by 
2 specimens (Nos. 313 and 315) with the ITS1–ITS2 region 
typical of S. vaginata. On the basis of morphology, they were 
also classified as S. vaginata. The second group was formed by 
2 specimens (Nos. 183 and 303) with the ITS1–ITS2 region 
of S. pectinata type A. On the basis of morphology, they were 
also classified as S. pectinata. The third group could be sepa-
rated into two subgroups – III–I and III–II. The subgroup III–I 

Table 1. Matrix of pairwise uncorrected p-distances of the concatenated sequences of the ITS1–ITS2 region  
of S. pectinata and S. vaginata of different provenance, taken from GenBank

No. GenBank ID Species 1 2 3 4 5 6 7 8 9 10

1 HE613425 S. pectinata

2 HE613427 S. pectinata 0.010

3 HE613428 S. pectinata 0.000 0.010

4 HE613426 S. pectinata 0.000 0.010 0.000

5 KF270926 S. pectinata 0.010 0.000 0.010 0.010

6 KF270927 S. pectinata 0.000 0.010 0.000 0.000 0.010

7 HE613433 S. vaginata 0.039 0.029 0.039 0.039 0.029 0.040

8 HE613434 S. vaginata 0.039 0.029 0.039 0.039 0.029 0.040 0.000

9 KF270928 S. vaginata 0.039 0.029 0.039 0.039 0.029 0.039 0.003 0.003

10 KF270929 S. vaginata 0.038 0.028 0.038 0.038 0.028 0.037 0.000 0.000 0.001

HE613425 S. pectinata
KF270927 S. pectinata
HE613426 S. pectinata
HE613428 S. pectinata

HE613427 S. pectinata
KF270926 S. pectinata

III group  
S. pectinata type B

II group  
S. pectinata type A

I group  
S. vaginata

100

99

63

0.02

57

KF270900 Groenlandia densa

KF270928 S. vaginata
HE613434 S. vaginata
HE613433 S. vaginata
KF270929 S. vaginata

Fig. 1. Maximum likelihood phylogenetic tree constructed on the basis of the primary structure of the ITS1–ITS2 region of the 
representatives of S. vaginata and S. pectinata from public databases.
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was formed by 18 specimens with the ITS1–ITS2 region of 
S. pectinata type B. On the basis of morphology, 9 specimens 
(Nos. 2, 15, 16, 46, 47, 52, 94, 95 and 117) were classified 
as S. macrocarpa, 5 – as S. pectinata (Nos. 4, 300, 301, 302 
and 330), 4 – as S. vaginata (Nos. 3, 63, 93 and 100). The 
subgroup III–II was formed by 6 specimens. On the basis of 
morphology, 5 specimens (Nos. 1, 105, 317, 321 and 323) were 
classified as S. chakassiensis, 1 – as S. vaginata (No. 314). 

Alignment of the sequences belonging to the subgroups III– I 
and III–II is given in Table 3. According to the nucleotides in 
the positions 102–103, the sequences of the sub group III–I 
formed three clearly distinguishable batches. The first batch 
contained sequences from the samples Nos. 3, 63, 93, 100, 301, 
302, 330 and the reference sequence HE613428. The second 
batch contained sequences from the samples Nos. 2, 46, 47, 
52, 94, 95,117, and 300. The third batch contained sequences 
from the samples Nos. 4, 15 and 16. 

The samples Nos. 3, 63, 93 and 100 belonging to the first 
of the mentioned batch were identified as S. vaginata, the 
samples No. 302 and 301 with the same primary structure of 
the ITS1–ITS2 region were identified as S. pectinata type B. 
Identical primary structure was shared by the reference se-

quence HE613428. The sequence of the sample No. 330 dif-
fered from that of the above mentioned samples by a number of 
polymorphic positions (seen in the sequencing chromatograms 
as superimposed peaks) not found in the other samples, and in 
the positions 102–103 it had the same nucleotide composition 
as the samples Nos. 3, 63, 93, 100, 301, 302 and HE613428. 
Thus, this batch was formed by the samples identified on the 
basis of morphology as S. vaginata and S. pectinata, although 
on the basis of the primary structure of the ITS1–ITS2 region 
these samples should be classified as belonging to S. pec
tinata type B. Such discrepancy of the morphologic and 
molecular data could result from misidentification. Earlier in 
the comparative investigation of S. vaginata and S. pectinata, 
it was shown that S. pectinata had two recognition sites for 
the restrictase CfoI (GCGC) in the ITS1–ITS2 region, while 
S. vaginata had only one such site (King et al., 2001). In our 
data array, the samples Nos. 3, 63, 93, 100 and 314 have two 
recognition sites, which is typical of S. pectinata. Therefore, 
it is highly probable that species attribution of the samples 
Nos. 3, 63, 93 and 100 was erroneous and they should be 
considered as S. pectinata. Thus, it may be stated with a high 
degree of confidence that the first batch of the primary struc-

Table 2. Alignment of sequences of the ITS1–ITS2 region of S. pectinata and S. vaginata from public databases

Species GenBank ID Variable positions

 36 81 85 105 121 136 151 208 398 498
 25 58 84 90 106 123 137 184 236 473 
 119 138

S. pectinata type B KF270927 (1) ..C..M..A..G..CC..A..GC..G.T.C..G-T..T..A..K..G..T..T..C..

S. pectinata type B HE613425 (17) ..C..C..A..G..CC..A..GC..G.T.C..G-T..T..A..G..G..T..T..C..

S. pectinata type B HE613426 (17) ..C..C..A..G..CC..A..GC..G.T.C..G-T..T..A..G..G..T..T..C..

S. pectinata type B HE613428 (17) ..C..C..A..G..CC..A..GC..G.T.C..G-T..T..A..G..G..T..T..C..

S. pectinata type A KF270926 (13) ..C..C..A..C..CG..A..GC..G.T.C..---..T..A..G..G..C..T..C..

S. pectinata type A HE613427 (17) ..C..C..A..C..CG..A..GC..G.T.C..G-T..T..A..G..G..C..T..C..

S. vaginata KF270928 (7) ..A..C..T..C..TG..G..TT..C.A.G..GGT .C..T..G..A..C..G..T..

S. vaginata KF270929 (4) ..A..C..T..C..TG..A..TT..C.A.G..GGT..C..T..G..A..C..G..T..

S. vaginata HE613433 (17) ..A..C..T..C..TG..A..TT..C.A.G..GGT..C..T..G..A..C..G..T..

S. vaginata HE613434 (17) ..A..C..T..C..TG..A..TT..C.A.G..GGT..C..T..G..A..C..G..T..

Species GenBank ID Variable positions

 505 568 593 622 636 650 677
 559 584 621 637 680
 624

S. pectinata type B KF270927 ..C..A..A..A..G..AA.C..AA..G---------..A..T....

S. pectinata type B HE613425 ..C..A..A..A..G..AA.C..AA..G---------..A..T....

S. pectinata type B HE613426 ..C..A..A..A..G..AA.C..AA..G---------..A..T....

S. pectinata type B HE613428 ..C..A..A..A..G..AA.C..AA..G---------..A..T....

S. pectinata type A KF270926 ..C..G..A..A..G..TC.G..AA..G---------..A..T....

S. pectinata type A HE613427 ..C..G..A..A..G..TC.G..AA..G---------..A..T....

S. vaginata KF270928 ..-..G..C..T..G..TC.G..TC..ATTGTGGATC..T..G....

S. vaginata KF270929 ..-..G..C..T..K..TC.G..TC..ATTGTGGATC..T..G....

S. vaginata HE613433 ..-..G..C..T..T..TC.G..TC..ATTGTGGATC..T..G....

S. vaginata HE613434 (512) ..-..G..C..T..T..TC.G..TC..ATTGTGGATC..T..G....

Note. Positions differing between S. vaginata and S. pectinata are marked with black, between S. pectinata type A and S. pectinata type B are marked with grey.
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ture of the ITS1–ITS2 region is composed by the samples of 
S. pectinata, or more precisely, S. pectinata type B. 

Out of 8 samples of the second batch, 7 (Nos. 2, 46, 47, 52, 
94, 95 and 117), were identified on the basis of morphology 
as S. macrocarpa and 1 (No. 300) – as S. pectinata. Since all 
sequences of this batch are identical, it is probable that the 
sample No. 300 was misidentified, and the second batch is 
composed by the samples of S. macrocarpa. 

The sequences composing the third batch (samples Nos. 4, 
15 and 16) were identical and characterized by heterogeneity 
for the positions 102 and 103. Position 102 contained both G, 
as in S. pectinata type B, and T, as in S. macrocarpa. Posi-
tion 103 contained both C, as in S. pectinata type B, and A, 
as in S. macrocarpa. Thus, these samples may be considered 
as in terspecies hybrids between S. pectinata type B and 
S. macrocarpa. According to morphologic traits, the samples 
Nos. 15 and 16 were identified as S. macrocarpa, and the 
sample No. 4 – as S. pectinata. 

Six samples forming the subgroup Ш–II had identical 
ITS1–ITS2 region, 5 of them, according to morphology, had 
been identified as S. chakassiensis, and one – as S. vaginata 
(sample No. 314). However, it is highly improbable that it 
really represents S. vaginata, since the structure of its ITS1–
ITS2 region, in particular, the presence of two recognition 
sites for the CfoI restrictase is not typical of S. vaginata. If this 
sample is excluded from consideration, the subgroup ШII is 
constituted by the samples identified on the basis of morpho
logy as P. chakassiensis. Therefore, it can be supposed that 

this entire subgroup is formed by representatives of the latter 
species. As seen from the alignments of the sequences of the 
ITS1–ITS2 region of the samples belonging to the subgroups 
III–I and III–II (see Table 3), the only difference between the 
mentioned subgroups consists in one nucleotide substitution, 
T/C in the position 524. Thus, according to the nucleotide in 
this position, samples of S. chakassiensis can be unequivocally 
identified by the primary structure of the ITS1–ITS2 region.

Discussion
As noted above, the growing of representatives of the genus 
Potamogeton and Stuckenia under different ecologic condi-
tions showed that a large part of morphologic traits basic 
for the taxonomy of the genus varies along with the growth 
conditions (Kaplan, 2002). Since the majority of investiga-
tors describe new taxa based solely on morphologic traits 
without any study as to the stability of their manifestation in 
different environments, ecological modifications were often 
described as new species (Kaplan, 2002). Thus, morphologic 
traits turned to be not too reliable for species identification in 
pondweeds, and there arises a need for developing markers 
applicable for species identification in the genus Stuckenia. 
Primary structure of the ITS1–ITS2 region is suggested here 
as a suitable marker for this purpose. 

An analysis of the sequences of the ITS1–ITS2 region of 
S. vaginata and S. pectinata from public databases showed that 
these sequences differed, thus making the primary structure of 
this region a promising marker with respect to identification of 

Fig. 2. Maximum likelihood tree reconstructed on the basis of the primary structure of the ITS1–ITS2 region in the samples with 
species attribution according to morphology (in combinations with the generic names as in the data source).
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the mentioned species. Moreover, two genotypes of this region 
were revealed in S. pectinata, designated as S. pectinata type 
A and S. pectinata type B.

These results were used to analyze the region ITS1–ITS2 in 
28 samples of the genus Stuckenia, identified on the basis of 
morphology as S. vaginata, S. pectinata, S. chakassiensis and 
S. macrocarpa. Out of seven samples classified as S. vaginata, 
only two could be unequivocally attributed to this species ac-
cording to the primary structure of their ITS1–ITS2 region, 
while the other five samples according to the primary structure 
of the studied region fit S. pectinata more. Such discrepancy 
of species attribution made on the basis of morphologic traits 
and molecular data may be due to original misidentification 
of the studied samples. Two samples classified as S. vaginata 
have only one recognition site for the CfoI restrictase in their 
ITS1–ITS2 region that is typical of S. vaginata, and rest of 
the samples classified as S. vaginata have two such recogni-
tion sites, which is typical of S. pectinata. This example de-
monstrates that species attribution made solely on the basis 
of morphology does not guarantee correct species identifica-

tion, for the purpose of which other approaches should be 
supplemented, in particular, the use of molecular data on the 
ITS1–ITS2 region appears to be appropriate. 

The botanical assessment of representatives of the genus 
Stuckenia showed that S. pectinata is a polymorphic species 
and even an opinion that it might be a composite species was 
put forward, although no evidence was provided (Maemets, 
1979; Kashina, 1988). Our result revealing the existence of 
two groups of the primary structure of the ITS1–ITS2 region 
in S. pectinata (S. pectinata type A and S. pectinata type B) 
favours the view that S. pectinata includes several species that 
are indistinguishable or hardly distinguishable at the level of 
morphology but clearly differ at the level of the ITS1–ITS2 
region. Also, it should be noted that no intermediate forms 
between A and B type of S. pectinata were revealed. The exis-
tence of two cryptic species hidden under the name S. pecti
nata supposed on the basis of the structure of the ITS1–ITS2 
region is supported by literature data coming from the RAPD 
analysis of S. pectinata samples of different origin (Mader et 
al., 1998). The RAPD spectra of the samples from the Pechora 

Table 3. Alignment of sequences of the ITS1–ITS2 region of the samples from III–I and III–II subgroups

Subgroup Isolate Sample Variable positions Species attribution 
according to ITS1–ITS2 102 386 547 609 

 103 524 610
 612

III–II No. 1 S. chakassiensis (24) ..TA...T...T...A...AA.C... S. chakassiensis

No. 105 S. chakassiensis (1) ..TA...T...T...A...AA.C...

No. 314 S. vaginata (24) ..TA...T...T...A...AA.C...

No. 317 S. chakassiensis (24) ..TA...T...T...A...AA.C...

No. 321 S. chakassiensis (24) ..TA...T...T...A...AA.C...

No. 323 S. chakassiensis (24) ..TA...T...T...A...AA.C...

III–I S. pectinata type B (HE613428) (28) ..GC...T...C...A...AA.C... S. pectinata type B

No. 3 S. vaginata (24) ..GC...T...C...A...AA.C...

No. 63 S. vaginata (24) ..GC...T...C...A...AA.C...

No. 93 S. vaginata (24) ..GC...T...C...A...AA.C...

No. 100 S. vaginata (24) ..GC...T...C...A...AA.C...

No. 301 S. pectinata (24) ..GC...T...C...A...AA.C...

No. 302 S. pectinata (24) ..GC...T...C...A...AA.C...

No. 330 S. pectinata (24) ..GC...Y...C...A...WM.S...

No. 2 S. macrocarpa (24) ..TA...T...C...A...AA.C... S. macrocarpa

No. 46 S. macrocarpa (24) ..TA...T...C...A...AA.C...

No. 47 S. macrocarpa (24) ..TA...T...C...A...AA.C...

No. 52 S. macrocarpa (24) ..TA...T...C...A...AA.C...

No. 94 S. macrocarpa (24) ..TA...T...C...A...AA.C...

No. 95 S. macrocarpa (24) ..TA...T...C...A...AA.C...

No. 117 S. macrocarpa (24) ..TA...T...C...A...AA.C...

No. 300 S. pectinata (24) ..TA...T...C...A...AA.C...

No. 4 S. pectinata (24) ..KM...Y...C...R...AA.C... F1 hybrid between  
S. macrocarpa  
and S. pectinata

No. 15 S. macrocarpa (24) ..KM...T...C...A...AA.C...

No. 16 S. macrocarpa (24) ..KM...T...C...A...AA.C...

Note. Positions differing between S. pectinata type B and P. macrocarpus are marked with black, differing P. chakassiensis from S. pectinata type B and P. macro
carpus are marked with grey.
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River delta differed from those of the samples collected in 
Italy, Germany, Poland, France and the SaintPetersburg sur-
roundings. The samples from Spain and Egypt also differed 
from each other as well as from the above mentioned ones. 
P.A. Volkova et al. (2017), who studied the same ITS1–ITS2 
region, revealed its uniformity in Europe but high differentia-
tion in southern Siberia. All this allows to suppose that there 
exist at least two and perhaps more “forms” of S. pectinata. 
Their phylogenetic relationships are clear, but their taxonomic 
status is obscure. Whether they represent cryptic species, sub-
species or merely intraspecies polymorphism requires further  
investigation.

Some of the samples analysed in the present work have 
been classified as S. chakassiensis. In the phylogenetic tree 
(see Fig. 2), these samples formed a separate subgroup. These 
samples were categorized as a subgroup because the bootstrap 
value did not permit to consider them as a separate group. 
The primary structure of the ITS1–ITS2 region was identical 
in all representatives of the subgroup, it was also identical 
in a sample classified on the basis of morphology as S. vagi
nata and discarded as such according to the structure of the 
ITS1–ITS2 region. This allows to suppose that the species 
S. chakassiensis really exists although investigators can ex-
perience difficulties in its identification. At the same time, the 
data on the primary structure of the ITS1–ITS2 region allows 
to identify this species. P.A. Volkova et al. (2017) studied the 
same ITS1–ITS2 region and also the plastid rpl32trnL spacer 
and found no correspondence between the sequence data 
and diagnostic morphological character of S. chakassiensis 
(which is not as convincing, being the presence of scleren-
chyma strands in leaves). Actually, our data evidence for the 
same with respect to the above mentioned specimen identified 
as S. vaginatus. Taken together, the results of  P.A. Volkova et 
al. (2017) and of the present study can be interpreted such that 
the species S. chakassiensis does exist but its only diagnostic 
morphological character proposed is unreliable and may lead 
to misidentifications.

The existence of S. chakassiensis and its difference from 
S. pectinata is indirectly supported by the data coming from 
the study of metal contents in pondweeds and common reed 
(Phragmites australis Trin. ex Steud) from brackish lake 
Shira and freshwater reservoir Bugach (Ivanova et al., 2015). 
Differences in the contents of metals in the plants from dif-
ferent water bodies were shown for pondweeds but not for 
the common reed. At the same time, pondweeds collected 
in a desalinated part of Lake Shira did not differ from those 
collected in more salty water of the same lake. These para-
doxical results can be easily interpreted if to suppose that the 
pondweed from the Shira Lake, with accordance to our data, 
belonged to S. chakassiensis, while the pondweed from the 
Bugach reservoir represented S. pectinata, that is, in fact, two 
species have been mixed. One of them grows in salt water, 
while the other in fresh or brackish water. In contrast to the 
pondweeds, common reed is adapted to the growth in fresh and 
brackish water as well as salt water, both studied lakes harbor 
the same species, the populations of which do not differ in 
metal contents. It should be noted that mineralization in Lake 
Shira is 15.9 g/l (Guseva et al., 2012). This is above the limit 
of the level of salinity that plants of S. pectinata withstand, 
over which their death begins (Coffey, 2001). 

Especially interesting are the samples from the sub-
group III–I classified on the basis of morphology as S. vagi
nata, S. pectinata and S. macrocarpa. According to the primary 
structure of the ITS1–ITS2 region, they can be categorized 
into three batches. The first of them is composed by samples 
that harbor the GC dinucleotide in the positions 102–103 (see 
Table 3); this is a characteristic of the reference sequence 
HE613428, S. pectinata type B. The sequences from the se-
cond batch harbor TA in these positions; the majority of the 
samples from this batch were classified as S. macrocarpa on 
the basis of morphology. The last batch is composed by the 
samples which harbor both G and T in the position 102 and 
both C and A in the position103. That is, the third batch can be 
obtained by a mixture of any sequence from the first batch with 
any sequence from the second one. This allows to suppose on 
the basis of the molecular data on the primary structure of the 
ITS1–ITS2 region that the III–I subgroup is composed by the 
samples of S. pectinata type B, S. macrocarpa and interspe-
cies hybrids between S. pectinata type B and S. macrocarpa. 
This can be experimentally tested by comparative analysis of 
morphology and anatomy of presumed original species and 
their hybrids. If molecular data find support in the morpho
logy, this may be interpreted as evidence for the existence of 
S. macrocarpa as a separate species. Earlier, P.A. Volkova et 
al. (2017) also obtained somewhat confusing molecular results 
with respect to three analysed specimens morphologically 
identified as S. macrocarpa: they shared a specific ITS1–ITS2 
haplotype but had a haplotype of the rpl32trnL spacer found 
also in three other species.

In conclusion, the data obtained in the present work de-
monstrate the applicability of the primary structure of the 
ITS1–ITS2 region for species attribution and revealing species 
misidentification in the genus Stuckenia, which in some cases 
may be more reliable than morphological data.
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Abstract. The aim was to ascertain the genetic and geographical structure of the Kyrgyz mountain merino (KMM). 
We analyzed DNA samples of 109 Kyrgyz mountain merino specimens, bred in three state breeding factories (STB), 
including “Orgochor” in the Issykul Province, “Katta-Taldyk” in the Osh Province and STb named after Luschikhin in the 
Talas Province. We identified 126 alleles in 12 microsatellite markers (McM042, INRA006, McM527, ETH152, CSRD247, 
OarFCB20, INRA172, INRA063, MAF065, MAF214, INRA005, INRA023). There were 6 to 16 alleles in each locus (mean 
10.500 ± 0.957 alleles per locus). We identified 67 rare alleles (prevalence less than 5.0 %), which made up 53.2 % of all 
alleles found. The greatest number of rare alleles was found in STR-markers of CSRD247, INRA023, INRA005, INRA006, 
MAF214 and OarFCB20. For each group, there were individual differences in the distribution of allele frequencies 
across all the STR loci studied. The most significant of them were as follows: with regard to the McM042 locus, al-
lele 87 was major in the TALAS and OSH groups (35.6 and 45.7 %, respectively), whereas allele 95 was major in the 
ISSYK- KUL group (36.2 %); allele 154 was major in all groups with regard to the INRA172 locus, but it was 1.25 times 
less prevalent in the ISSYK-KUL and 1.66 times less prevalent in the OSH groups compared to TALAS (55.2 and 41.4 %, 
respectively), whereas alleles 156 and 158 were found only in the ISSYK-KUL group. Considering the ETH152 locus, 
186 allele prevalence in the TALAS group was 51.1 %, but allele 190 was also markedly prevalent in the ISSYK-KUL 
and OSH groups, 34.5 and 34.3 %, respectively. The genetic division of the studied groups of KMM (with K from 3 
to 10) was homogeneous – the contribution of each subcluster was equivalent. The AMOVA analysis revealed that 
the groups are located equidistantly. To conclude, the genetic diversity of the Kyrgyz mountain merino in three state 
breeding factories of the Kyrgyz Republic was high and comparable with each other.
Key words: Kyrgyz mountain merino; genotyping; STR markers.
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Геногеографическое исследование киргизского горного 
мериноса с использованием микросателлитных маркеров
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Аннотация. Проведено геногеографическое изучение породы овец киргизский горный меринос (КГМ). Про-
анализированы образцы ДНК 109 овец данной породы, разводимых в трех государственных племенных за-
водах (ГПЗ) в Республике Кыргызстан: ГПЗ «Оргочор» (Иссык-Кульская область), ГПЗ «Катта-Талдык» (Ошская 
область) и ГПЗ им. М.Н. Лущихина (Таласская область). В 12 исследованных микросателлитных маркерах 
(McM042, INRA006, McM527, ETH152, CSRD247, OarFCB20, INRA172, INRA063, MAF065, MAF214, INRA005, INRA023) 
идентифицировано 126 аллелей. Число аллелей в каждом локусе варьировало от 6 до 16 при среднем значе-
нии 10.500 ± 0.957 аллелей на локус. Определено 67 редких аллелей (с частотой встречаемости менее 5.0 %), 
что составляет 53.2 % от общего количества выявленных аллелей. Наибольшее количество редких аллелей 
установлено для STR-маркеров CSRD247, INRA023, INRA005, INRA006, MAF214 и OarFCB20. Для каждой группы 
имеются индивидуальные различия в профиле распределения частот аллелей по всем исследуемым STR-ло-
кусам, наиболее значимые из которых следующие: в группах TALAS и OSH для локуса McM042 в мажорном 
состоянии находится аллель 87 (35.6 и 45.7 % соответственно), в то время как для группы ISSYK-KUL наиболь-
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шую распространенность получил аллель 95 (36.2 %); для локуса INRA172 во всех группах мажорным алле-
лем был 154, однако в сравнении с группой TALAS его распространенность была меньше в 1.25 (ISSYK-KUL) 
и 1.66 (OSH) раза – 55.2 и 41.4 % соответственно, а аллели 156 и 158 встречались только в группе ISSYK-KUL; 
для локуса ETH152 частота встречаемости аллеля 186 в группе TALAS составила 51.1 %, для групп ISSYK-KUL и 
OSH значительную распространенность приобретает аллель 190 – 34.5 и 34.3 % соответственно. При оценке 
генетической подразделенности исследуемых выборок КГМ (при К от 3 до 10) показана однородность струк-
туры – вклад каждого субкластера равноценный. При анализе AMOVA обнаружено, что выборки расположены 
равноудаленно. Таким образом, генетическое разнообразие овец породы КГМ среди трех государственных 
племенных заводов Кыргызской Республики достаточно высокое и сопоставимое между собой.
Ключевые слова: киргизский горный меринос; генотипирование; STR-маркеры.

Introduction
The sheep breeds of Kyrgyz mountain merino (KMM) are 
commoninallregionsoftheKyrgyzRepublic,whichdiffer
in natural and climatic conditions. In order to improve the 
breeding and productive qualities of  KMM sheep, intra-breed 
(zonal) types of sheep were created (Bekturov et al., 2017).

The Kyrgyz mountain merino was created in 1990–2006 
on thebasisof theKyrgyzfine-woolbreedusingsheepof
the Australian merino breed and approved in 2006. The 
genetic structure of the breed includes 5 factory types and 
24 factory lines. KMM sheep wool has high technological 
properties and has attributed to the highest quality categories 
ofmerinofinewool.Thesheeparealsoknownforhighmeat 
properties.

Each breed or animal type shows some heterogeneity in 
morphological, productive and technological qualities. Micro-
satellite loci (short tandem repeat, STR) can be used to solve 
breedingtasksrelatedtothedeterminationofbreedaffiliation
or breed type (Deniskova et al., 2018; Isakova et al., 2019, 
2021; Kharzinova, Zinovieva, 2020; Nosova et al., 2020; Le-
mesh et al., 2021).

To assess the condition and preserve the features of the 
KMM gene pool, genogeographic studies are needed. The 
preservation and further improvement of the breed should be 
controlled by the genetic dynamics studies both in the breed 
as a whole and in the main breeding farms engaged in KMM 
breeding. We have previously shown that local breeds of farm 
animals (in particular, the Kyrgyz horse) are characterized 
withahighgeneticdiversity,butlocaldifferentiationisalso
present,andthedifferencesaresignificantforanumberof
high-altitude experimental zones (Isakova et al., 2021). In this 
regard, studies of similar structure are needed. 

The information obtained during the molecular genetic 
analysis will complement the morphometric characteristics 
of breeding rams, repair rams and ewes, which will allow 
 breeders to develop new and modify existing selection algo-
rithms and schemes to maintain the inbreed KMM genetic 
diversity, as well as preserve the genetic identity of this breed. 
In the future, they plan a number of measures to improve the 
breeding qualities of KMM breed sheep.

Thus, the purpose of this study was to conduct a genogeo-
graphic study of the Kyrgyz mountain merino sheep breed.

Materials and methods
The biological material for molecular genetic research was 
the blood samples of Kyrgyz mountain merino (KMM) 
sheep obtained from an adult population of 109 animals bred 

in three state breeding plants (SBF), including 29 animals 
from SBF “Orgochor” (village Orgochor, Jety-Oguz district, 
Issyk-Kul region) (ISSYK-KUL sample), 35 animals from 
SBF “Katta-Taldyk” (village Bash-Bulak, Karasu district, Osh 
region) (OSH sample) and 45 animals from SBF named after 
M.N. Lushchikhin (village of Dzhun-Tube, Kara-Burinsky 
district, Talas region) (TALAS sample). The sampling sites 
are shown in Fig. 1.

DNA was isolated by phenol-chloroform extraction (Sam-
brook, Russel, 2001). The samples were genotyped using 12 
microsatellite markers recommended by the International 
Society for Animal Genetics (ISAG): McM042, INRA006, 
McM527, ETH152, CSRD247, OarFCB20, INRA172, 
INRA063, MAF065, MAF214, INRA005, INRA023, and also 
by the AMELsex-specificlocus.

Genotyping was carried out using a set of COrDIS Sheep 
(LLC “GORDIZ”, Russia) reagents for multiplex analysis 
according to the manufacturer’s recommendations. To cor-
rectly determine the genotype in the studied animals (amplicon 
size in bp), a sample with a control genotype included in the 
COrDIS Sheep kit was used. PCR were analyzed by capillary 
high-resolution electrophoresis using an automatic genetic 
analyzer Applied Biosystems 3500 (ThermoFisher, USA).

GenAIEx v. 6.503 (Peakall, Smouse, 2012), STRUCTURE 
v. 2.3.4 (Pritchard et al., 2000), Past v. 4.03 (Hammer et al., 
2001) software was used for statistical analysis. 

GenAIEx v. 6.503 was used to calculated the average num-
ber of alleles per locus (Na),theeffectivenumberofalleles
(Ne), the levels of expected (He) and observed (Ho) heterozy-
gosity and the FIScoefficient(Excoffier,1991).STRUCTURE
v. 2.3.4 allowed to calculate the Q criterion, which attributed 
each individual animal to the corresponding cluster (Pritchard 
et al., 2000). PPHELPER v. 1.0.10 web application (Francis, 
2016) was used for graphical interpretation of the results 
obtained in STRUCTURE v. 2.3.4.

We used GenAlEx 6.503 software (Peakall et al., 2012) to 
analyze population genetic parameters, the degree of gene-
ticdifferentiationbasedonmatricesofpairwiseFST values, 
followed by visualization in Past v. 4.03 (Hammer et al.,  
2001).

The genetic structure of the studied samples of the KMM 
sheep breed was evaluated using principal component analy-
sis (PCA) via clustering in STRUCTURE v. 2.3.4 (Pritchard 
et al., 2000) using a mixed model (the number of assumed 
K clusters from 3 to 10; the length of the burn-in period  
50K; the Markov chain model Monte Carlo 5K). Ten iterations 
were completed for each K value. We also determined the 
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Fig. 1. The sampling sites: 1 – SBF “Orgochor” (village Orgochor, Jety-
Oguz district, Issyk-Kul region); 2 – SBF “Katta-Taldyk” (village Bash-Bulak, 
Karasu district, Osh region); 3 – SBF named after M.N. Lushchikhin (village 
of Dzhun-Tube, Kara-Burinsky district, Talas region).

Table 1. Genetic and population characteristics of three independent KMM samples based on 12 STR markers

Sample Na Ne I Ho He FIS

TALAS Mean 8.500 4.151 1.619 0.693 0.730 0.052

Standard deviation 0.774 0.392 0.104 0.033 0.029 0.025

ISSYK-KUL Mean 8.000 4.381 1.634 0.750 0.741 –0.015

Standard deviation 0.769 0.468 0.105 0.030 0.027 0.027

OSH Mean 8.417 4.617 1.718 0.764 0.770 0.006

Standard deviation 0.763 0.387 0.084 0.017 0.015 0.020

Notе. Na – No. of different alleles per locus; Ne – No. of effective alleles; I – Shannon’s information index; Ho – observed heterozygosity; He – expected hetero-
zygosity; FIS – fixation index.

Lake Issyk-Kul

Kyrgyz Republic

1

2

3

optimalnumberofclusters(ΔK)inPOPHELPERv.1.0.10
web application, using the method proposed in (Evanno et 
al., 2005).

All applicable international, national and/or institutional 
principles for the care and use of animals have been observed.

Results and discussion
The modern KMM sheep breed demonstrated a high level of 
inbreeding genetic variability, when 126 alleles were identi-
fiedinthe12microsatellitemarkersstudied.Thenumberof
alleles in each locus varied from 6 to 16 (mean 10.500 ± 0.957). 
Sixty-seven rare alleles (with a prevalence less than 5.0 %) 
wereidentified,53.2%ofthetotalnumberofidentifiedalleles.
The greatest number of rare alleles was found for the STR 
markers CSRD247, INRA023, INRA005, INRA006, MAF214 
and OarFCB20.

In order to analyze KMM inbreeding genetic subdivision 
bred in three geographically isolated zones, we computed 
Na, Ne, Ho, He, I values and the FIS coefficient, shown in 
Table 1.

The mean number of alleles per Na locus varied from 8.000 
to 8.500 (mean 8.306 ± 2.595), whereas the maximum value 
was noted in the TALAS group from the M.N. Lushchikhin 
SBF.ThenumberofeffectiveNe alleles was the highest in 
the OSH sample from the Katta-Taldyk SBF. Shannon index, 

reflectingthecomplexityofthecommunitystructure,averaged
1.657 ± 0.333 with the highest value in the OSH sample from 
the Katta-Taldyk SBF. The observed heterozygosity Ho as an 
indicator of the variability (polymorphism) of the popula-
tionreflectingtheproportionofheterozygousgenotypesin
the experiment ranged from 0.693 to 0.764. The expected 
heterozygosity of He as an indicator of the proportion of 
heterozygous genotypes, expected in the Hardy–Weinberg 
equilibrium, ranged from 0.730 to 0.770. Maximum values 
of Ho and He were in OSH from the Katta-Taldyk SBF. The 
mean value of FIS index was the most neutral (0.006) in this 
group and indicated a balanced prevalence of heterogeneous 
genotypes, i. e. the level of related mating of individuals in 
thesubpopulationwastheleastsignificantcomparedtothe
remaining two groups. In general, when comparing Na, Ne, 
Ho, He, I and the FIS coefficient,we foundno statistically
significantdifferencesbetween threestudiedsamplesasof
the Student’s t-test.

To assess the genetic subdivision of the KMM samples 
using STRUCTURE v. 2.3.4, we computed the Q criterion, 
whichcharacterizedthestratificationofeachindividualani-
mal in the corresponding group. A Q value of 75 % or higher 
confirmstheindividual’sattributiontoitscluster.Fig.2gra-
phically demonstrates (using the PPHELPER v. 1.0.10 web 
application (http://pophelper.com/)) the results of the analysis 
carried out in STRUCTURE v. 2.3.4 (automatic sorting was 
carried out based on the attribution of a particular sample to 
a major cluster).

The genetic material of KMM sheep from three geographi-
cally isolated zones was used in the study (see Fig. 1). For all 
samples within clusters K = (3–10), there is a general unifor-
mity of structure, whereas the contribution of each subcluster 
is equivalent. A pairwise comparison of the mean values of Q 
for three samples at K = 2 using analysis of variance showed no 
statisticallysignificantdifferences.Thus,F=0.112,p = 0.739 
was for the pair TALAS/ISSYK-KUL; F = 0.023, p = 0.881, 
for the pair ISSYK-KUL/OSH; and F = 0.267, p = 0.607 was 
for the pair TALAS/OSH. This may result from the fact that 
the KMM subpopulations studied have common ancestors 
(for example, sheep producers); however, other factors may 
alsohaveaneffect.

Based on the analysis of FST genetic distances calculated 
using the AMOVA algorithm for 12 STR markers, a PCR graph 
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K = 3 K = 7

K = 4 K = 8

K = 5 K = 9

K = 6 K = 10

Fig. 2. The analysis of the genetic structure of the studied KMM samples for the most probable number of clusters (K) from 3 to 10. 
X – axis is the ID of the animal; Y – axis is the proportion in the corresponding cluster; Q values are calculated using the method of (Pritchard et al., 2000).
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Fig. 3. Results of the analysis of the main components (as of 12 STR-mar-
kers in total).

wasconstructedreflectingthemutualsimilarity/differenceof
the studied samples (Fig. 3). 

The information presented in Fig. 2 and 3 allows to conclude 
thatthestudiedsamplesofKMMdidnotdiffersignificantly
from each other. However, each sample had features that arose 
fromthedifferencesintheallele’sprevalenceinthestudied
STR loci, as well as the presence of rare and private (found 
only in one of the studied groups) alleles (Tables 2 and 3, 
respectively).

Among individuals from the M.N. Lushchikhin SBF (the 
TALAS sample), rare alleles accounted for 18.9, 12.2 and 
10.0 %, respectively, for the CSRD247, INRA005 and 
INRA023 STR markers; among individuals from the Orgo-
chor SBF (the ISSYK-KUL sample), high prevalence of rare 
alleles was found for STR markers CSRD247 and MAF214, 
12.1 and 10.3 %, respectively; and among individuals from 
the Katta-Taldyk SBF (OSH sample) – for CSRD247 (15.7 %), 
MAF214 (15.7 %) and OarFCB20 (14.3 %).
Ingeneral,wefoundindividualdifferencesinthedistribu-

tionprofileofallelefrequenciesacrossallthestudiedSTR
lociforeachgroup.Themostsignificantofthosewereallele
87 in the major state in the McM042 locus (35.6 and 45.7 %, 
respectively) in the TALAS and OSH groups, whereas allele 
95 was most prevalent (36.2 %) in the group ISSYK-KUL; 
major allele 154 for the INRA172 locus in all groups, how-
ever, in comparison with the TALAS group, its prevalence 
was 1.25 (ISSYK-KUL) and 1.66 (OSH) times lower, 55.2 
and 41.4 %, respectively, and alleles 156 and 158 were found 
only in the ISSYK-KUL group; the prevalence of 186 allele in 
the ETH152 locus in the TALAS group was 51.1 %, whereas 
190 allele was highly prevalent in ISSYK-KUL and OSH, 
34.5 and 34.3 %, respectively.

Wealsoidentifiedspecificpeculiaritiesofprivatealleles.
Among the sheep from the M.N. Lushchikhin SBF (TALAS) 
those were determined with regard to seven loci (a total of 10 
alleles), including INRA006, McM527, ETH152, CSRD247, 
INRA063, MAF214 and INRA005; and for the INRA006 
lo cus, the 124 allele was detected in 7.8 %. Seven private 
alleles infiveSTRmarkerswere identifiedforsheepfrom
the Orgochor SBF (ISSYK-KUL), the most common being 
INRA172 (allele 156, frequency – 6.9 %) and INRA023 (208, 
6.9 %), as opposed to INRA005 (147, 5.7 %) for individuals 
from the Katta-Taldyk SBF (OSH).

The highest calculated FST values are shown for the loci 
McM042, INRA172 and ETH152, although in general the 
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Table 2. Total prevalence of rare alleles (prevalence less than 5 %) in the studied KMM samples in %

STR-marker Sample

TALAS ISSYK-KUL OSH

CSRD247 18.9 (209/215/217/225/229/233/235/237/241) 12.1 (211/217/225/233/237) 15.7 (209/215/223/225/229)

ETH152    2.2 (200)    3.4 (192)    2.9 (198)

INRA005 12.2 (113/131/139/141)    8.6 (113/137/145) 11.4 (129/133/141/143)

INRA006    3.3 (114/118/134)    3.4 (120/134)    2.9 (118/126)

INRA023 10.0 (212/214/218)    3.4 (206/214)    5.7 (192/210/212)

INRA063    7.8 (173/179/197/199)    8.6 (189/199/201) 10.0 (187/195/199/201)

INRA172    3.3 (166/168)    8.6 (144/15/162/166)    1.4 (168)

MAF065    4.4 (131/135/137)    5.2 (123/135)    5.7 (123/131/137)

MAF214    7.8 (183/221/225/255/261) 10.3 (183/223/225/255) 15.7 (183/225/255/261/269)

McM042    8.9 (99/103)    3.4 (103)    7.1 (81/97)

McM527    2.2 (158/176)    3.4 (176) –

OarFCB20    8.9 (95/103/111/113)    6.9 (107/111/113) 14.3 (77/83/95/103/107/113)

Table 3. The prevalence of private alleles  
in the KMM studied samples 

Sample STR-marker Allele Frequency, %

TALAS INRA006 114 1.1

TALAS INRA006 124 7.8

TALAS McM527 158 4.4

TALAS ETH152 200 2.2

TALAS CSRD247 235 2.2

TALAS CSRD247 241 1.1

TALAS INRA063 167 5.6

TALAS INRA063 197 1.1

TALAS MAF214 221 1.1

TALAS INRA005 139 1.1

ISSYK-KUL INRA006 120 1.7

ISSYK-KUL CSRD247 211 1.7

ISSYK-KUL CSRD247 243 5.2

ISSYK-KUL INRA172 156 6.9

ISSYK-KUL INRA172 158 1.7

ISSYK-KUL MAF214 223 1.7

ISSYK-KUL INRA023 208 6.9

OSH INRA006 126 1.4

OSH ETH152 198 2.9

OSH OarFCB20    77 2.9

OSH OarFCB20    83 1.4

OSH INRA063 187 1.4

OSH INRA063 195 1.4

OSH MAF214 269 4.3

OSH INRA005 147 5.7

OSH INRA023 210 1.4

FST values for all loci were not high and did not exceed 0.05 
( p < 0.001).

We also conducted a comparative analysis of Na and He 
parameters forKMMandfine-wool sheep breeds bred in
Kazakhstan (Dossybayev et al., 2019), Russia (Deniskova et 
al., 2016), Pakistan (Ahmed et al., 2014) and Poland (Szumiec 
et al., 2018) (Table 4).

We found that the mean Na in KMM (in the context of 
the STR markers studied in this paper) was the maximum in 
comparison with other studies. The calculated Ho index also 
turned out to be one of the largest and was comparable with 
the values obtained for the breeds Wielkopolskaya (Poland), 
Olkuska (Poland),Kail (Pakistan) andKazakhfine-haired
(Kazakhstan) (Ahmed et al., 2014; Szumiec et al., 2018; Dos-
sybayev et al., 2019). The high rates of KMM genetic diversity 
are directly related to the multi-stage breeding processes that 
thisbreedunderwentduringthelateXX– earlyXXIcentury.

Conclusion
Taken together, the genetic diversity of KMM breed sheep 
of the three state breeding plants of the Kyrgyz Republic is 
quite high and comparable to each other. We found it impos-
sibletosingleoutagroupforwhichaqualitativelydifferent
(highorlow)geneticdiversitywouldbedifferentcompared
the other two groups.

Nevertheless, it cannot be denied that for Kyrgyz moun-
tain merino sheep from the M.N. Lushchikhin SBF, there 
was still a slight shift towards inbreeding processes – FIS =  
= 0.052 ± 0.025 (the maximum individual values of this in-
dicator were found for STR markers of INRA023 – 0.120, 
McM527 – 0.136, McM042 – 0.142 and MAF214 – 0.215). In 
this regard we assume that the positive shift of these markers 
(lack of heterozygotes) occurred due to the purposeful selec-
tion of individuals according to the economically valuable 
characteristics of wool, i. e. resulted from the association of 
these STR markers with the loci of quantitative traits QTL. 
However, such a relationship can only be assessed in further 
studies.
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Table 4. Genetic characteristics of fine-wool breeds sheep samples based on STR loci genotyping

Breed (n) STR Na Ho Reference

Pakistan

Kail (47) 11 5.27 ± 1.49 0.766 ± 0.248 Ahmed et al., 2014

Russia

Grozny (30) 11 9.00 ± 1.14 0.540 ± 0.089 Deniskova et al., 2016

Stavropol (32) 9.20 ± 0.92 0.575 ± 0.061

Manych merino (30) 8.20 ± 0.90 0.647 ± 0.055

Soviet merino (23) 8.00 ± 0.75 0.651 ± 0.060

Salskaya (30) 8.50 ± 0.92 0.512 ± 0.089

Volgogradskaya (30) 8.90 ± 1.22 0.525 ± 0.082

Dagestan mountain breed (30) 9.00 ± 1.07 0.560 ± 0.079

Transbaikalian fine-fleece (30) 8.90 ± 0.77 0.891 ± 0.018

Kulunda (30) 7.20 ± 0.98 0.489 ± 0.095

Poland

Stavropol merino (93) 11 7.18 ± 1.94 0.663 ± 0.167 Szumiec et al., 2018

Olkuska(88) 5.64 ± 1.29 0.689 ± 0.138

Wielkopolska (100) 7.82 ± 2.23 0.710 ± 0.065

Kazakhstan

Kazakh argali merino (15) 12 7.08 ± 0.64 0.678 ± 0.051 Dossybayev et al., 2019

Kazakh fine-haired (15) 7.92 ± 0.56 0.744 ± 0.048

Kyrgyzstan

Kyrgyz mountain merino (109) 12 10.50 ± 0.96 0.731 ± 0.023 Current study

An indirect confirmationof the inbreedingprocesses in
this breeding plant may be the presence of six pairs of indi-
viduals among those selected for molecular genetic analysis, 
which were likely close relatives to each other (within pairs), 
because there were matching alleles in each of the 12 STR 
markers. In this regard, we propose to have a closer look at the 
intensity of inbreeding in the future. Four similar pairs were 
alsoidentifiedamongtheindividualsfromtheOrgochorand
Katta-Taldyk SBFs, and it was possible that breeding events 
for the exchange of breeding sheep or repair sheep between 
these enterprises took place relatively recently.
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Abstract. The paper analyzes the genetic profile of the domestic cat population of the Aoshima Island. The population 
has been established in the middle of the last century, after a small group of animals was imported for rodent control. 
Based on three photographs, the genotypes of the cats in three overlapping groups (75, 56, and 70 indivi duals) were 
determined. The mutant allele frequencies of the sex-linked O (Orange) locus and the three autosomal loci a, W, and l 
(Agouti, White, and Long hair) responsible for coat color and length were estimated. The population lacks the mutant al-
leles d (Dilution locus), W and wg (White), tab (Tabby), Ti A (Ticked) present in other populations of Japan. This is an almost 
monomorphic population with prevailing red and tortoiseshell individuals. Most cats have interrupted stripes (geno-
type Ti+Ti+TaM-). The island’s population differs from the other populations of the Japanese islands in the frequencies 
of two mutant alleles, O and a. The frequency of the O allele (q(O) = 0.580) is one of the highest in the region, while the 
frequency of the a allele (q(a) = 0.276) is two times lower than in the other populations. In both cases, the differences 
in frequencies between the neighbouring populations are significant (p < 0.0001). An independent study of the same 
population revealed a similar genetic structure. However, it detected the presence of the d allele, the frequency of the 
a allele was higher (0.534 versus 0.276, p < 0.020). The genetic profile, frequencies of mutant alleles in the population, 
and history of its origin indicate a significant influence of the founder effect on the genetic structure of the island’s 
domestic cat population.
Key words: Felis catus; genetic profile; islands; founder effect; Japan.
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Генетический профиль популяции домашней кошки  
(Felis catus L.) острова Аошима (Япония)
С.К. Холин

Федеральный научный центр биоразнообразия наземной биоты Восточной Азии Дальневосточного отделения Российской академии наук, 
Владивосток, Россия

  h.axyridis@mail.ru

Аннотация. Проанализирован генетический профиль популяции домашней кошки острова Аошима (Япония). 
Популяция возникла в середине прошлого века в результате завоза небольшой группы животных для борьбы 
с грызунами. По трем фотографиям определен фенотипический состав групп животных (75, 56 и 70 особей). 
Рассчитаны частоты мутантных аллелей сцепленного с полом локуса Orange и трех аутосомных локусов (Auguti, 
White и Long hair), отвечающих за окраску и длину шерсти. В популяции отсутствуют мутантные аллели d (локус 
Dilution), W и wg (White), tab (Tabby), TiA (Ticked), отмеченные в других популяциях Японии. Фенотипически это 
практически мономорфная популяция с преобладающим большинством рыжих и черепаховых особей. Боль-
шинство кошек имеют прерванные полосы (генотип Ti+Ti+TaM-). Популяция острова резко отличается от осталь-
ных популяций островов Японии по частотам двух мутантных аллелей, O и a. Частота аллеля O (q(O) = 0.580) – 
одна из самых высоких частот в регионе, а аллеля a (q(a) = 0.276) – меньше в два раза, чем в других популяциях. 
В  обоих случаях отличие от частот в окружающих портовых популяциях статистически значимо (p < 0.0001). 
Генетический состав, частоты мутантных аллелей в популяции и характер ее происхождения указывают на зна-
чительное влияние эффекта основателя на генетическую структуру популяции домашней кошки о-ва Аошима. 
Независимое исследование популяции кошек о-ва Аошима обнаружило сходную генетическую структуру. Од-
нако в популяции найдены особи, носители аллеля d. Возможно, это может быть вызвано различиями в мето-
дике определения фенотипа таких кошек. Частота аллеля a статистически значимо выше (0.534 против 0.276, 
p < 0.020). Все это, однако, не влияет на общий вывод о действии эффекта основателя при возникновении по-
пуляции кошек этого острова.
Ключевые слова: Felis catus; генетический профиль; острова; эффект основателя; Япония.
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Genetic profile of domestic cat (Felis catus L.) 
population of Aoshima Island (Japan)

Introduction
The domestic cat is a unique object of genetic research due 
to the high polymorphism of its populations for a number 
of traits (color, texture and length of coat, and some other 
features of external morphology). Freely living in hu-
man settlements, cats do not depend on humans for their 
reproduction. In this sense, they are similar to true natural 
populations. Cats’ phenotypes can be easily identified at a 
distance. This makes it possible to collect sufficient data 
on allele frequencies without much effort. Such data can 
be used in various kinds of population genetic analysis, 
e. g., it has been shown that every cat population has its 
own genetic profile determined by its origin, location and 
population history (Lloyd, 1987).

From the point of view of population genetics, the history 
of studying the domestic cat (Felis catus L., 1758) dates 
back more than 65 years when the first investigation on the 
frequencies of the mutant alleles responsible for the color 
and length of coat in London’s cat population was published 
(Searle, 1949). A surge of interest in the subject occurred 
in the late 1960s – early 1980s, when the research covered 
most of Europe and North America, Southeast Asia, and 
Australia (Kholin, 2018).

There are various methods for obtaining data on mutant 
allele frequencies in domestic cat populations, each having 
certain advantages and drawbacks (Twedt, 1983; Schüler, 
Borodin, 1992). Before the advent of digital cameras, the 
main method was direct observation of animals on the 
streets, in the yards or door-to-door survey. Н. Todd and 
Р. Jeanne (1972) were the first to use the photographic me-
thod. The use a single photo of a group of about 100 cats 
in Sao Paulo (Brazil) to carry out a detailed analysis of the 
cats’ phenotypes and calculate the frequency of mutant al-
leles with varying degrees of accuracy. Digital photography 
has greatly facilitated the collection of the data and made 
it possible to obtain samples of sufficient size (several 
images of one individual), to accurately describe a cat’s 
phe notype in the lab.

In Asia, it is the Japanese domestic cat that has been most 
intensively studied. Data on 105 (Nozawa et al., 1990), 
174 (Nozawa et al., 2000) and 141 (Nozawa, Kawamoto, 
2013) cat populations from small villages to megapolises 
in all prefectures of the four largest and 35 small islands 
have been obtained (Nozawa, 2019).

One of these islands, Aoshima, is about 400 hectares in 
size and located off the northern coast of  Kyushu Island in 
the Inland Sea of Japan. The island is currently populated 
by no more than 10 people and 200 cats1. The cats were 
brought there in the middle of the last century to reduce the 
number of rats damaging fishing nets. Eventually, the fish-
ing industry fell into decay, but the cats remained, now be-
ing fed by the locals and the tourists arriving on the island.
1 https://www.nippon.com/ru/behind/fnn20181019001/?pnum=2. Last ac-
cessed March 12, 2023.

The aim of the present study was to describe the genetic 
profile of the island’s domestic cat population by analyzing 
the photographs of a group of cats and to compare the find-
ings with the previous study of the Aoshima cats (Nozawa, 
2019)2 and other population studies.

Materials and methods
In March 2015, the photos of the island’s cats were pub-
lished in the media and on the Internet (Photos by Thomas 
Peter,  Reuters, February 25, 2015)3. The quality of the 
published images was high enough to accurately describe 
the cat phenotypes. In this study, they were used as samples 
to assess the genetic profile of the cat population.

The photographs show individual cats and groups on 
the pier waiting for a boat to arrive. Three photos were 
selected to contain the largest numbers of animals (see the 
Figure and Supplementary Material)4. Each photograph 
was considered a separate sample from the same set of cats 
to estimate the stabi lity of the assessment of the phenetic 
(genetic) composition of the population. The sample size 
for each locus depended on the visibility of each animal 
in the photograph. In total, the data of 75, 56 and 70 indi-
viduals were recorded (sample A, B, and C, respectively). 
The photographs were used to determine the number of 
individuals carrying a particular phenotype.

The data were used to calculate the frequencies of the 
O allele of the sex-linked Orange locus, as well as the fre-
quencies of two alleles of autosomal loci: Agouti (a) and 
Long hair (l ) (Table 1). The first two loci control the color 
of the coat, and the last, its length. The pattern of inheritance 
of these traits was described by R. Robinson (1993a, b). 
No individuals carrying the d allele of the Dilution locus 
were detected in any of the photographs.

The stripe pattern determined by autosomal loci Tabby 
(Ta) and Ticked (Ti ) was also analyzed. The inheritance 
of this trait was described by E. Eizirik et al. (2010). The 
analysis demonstrated that among the cats there were no 
individuals homozygous for the tab allele producing marble 
coloration (Blotched tabby). Most of the cats had inter-
rupted stripes (genotype Ti+Ti+TaM-). The cats carrying 
the dominant Ti A allele are characterized by a complete 
absence of stripes on the body and the presence of stripes 
only on the head, paws and tail. Two individuals (see the 
Figure 1, B; Supplementary Material), (Nos. 29 and 42) in 
the foreground have a similar phenotype. However, the Ti A 
allele was excluded from the analysis due to the difficulty of 
its unambiguous identification in the available photographs.

Previously, the Piebald white spotting (S) and Dominant 
white (W ) were considered mutations at different loci. 
2 Unfortunately, the paper does not specify how the data were obtained. It is 
only known that the observations were carried out before 2015. 
3 http://www.theatlantic.com/photo/2015/03/a-visit-to-aoshima-a-cat-island-
in-japan/386647/. Last accessed March 12, 2023.
4 Supplementary Material is available in the online version of the paper:  
http://vavilov.elpub.ru/jour/manager/files/Suppl_Kholin_Engl_27_2.pdf.

https://www.nippon.com/ru/behind/fnn20181019001/?pnum=2
http://www.theatlantic.com/photo/2015/03/a-visit-to-aoshima-a-cat-island-in-japan/386647/
http://www.theatlantic.com/photo/2015/03/a-visit-to-aoshima-a-cat-island-in-japan/386647/
http://vavilov.elpub.ru/jour/manager/files/Suppl_Kholin_Engl_27_2.pdf
http://vavilov.elpub.ru/jour/manager/files/Suppl_Kholin_Engl_27_2.pdf
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Aoshima cats selected as samples A and B (source: Reuters/Pixstream).

A

B
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Table 1. Phenotypes and their corresponding genotypes in the domestic cat

Locus Mutant allele Phenotype Genotype Note

Sex-linked allele

Orange O Red
Tortoiseshell

OO and OY
Oo

Cream in presence of dd genotype

Autosomal alleles

Aguti a Black aa Not expressed in presence OO and OY 
genotype. Blue in presence of dd genotype

Dilution d Diluted dd

Tabby TaM

Tab

Striped
Spotted

Marble

Ti+Ti+TaMTa-
Ti+Ti+TaMTa-+ 
modifier gene
Ti+Ti+tabtab

Not expressed in presence of aa genotype

Ticked TiA Abyssinian  
or ticked

TiATiATaM-  
or TiATi+TaM-

Not expressed in presence of aa genotype

White W

WS

wg

Dominant white

Piebald
Gloving  
or ‘White socks’

WW или W-

WSWS или WS-
wgwg

Epistatic to all other genotypes 

Long hair l Long hair ll

Aoshima cats selected as sample C (source: Reuters/Pixstream).

C
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Table 2. Observed and expected genotype ratios of the Orange locus; the results of the χ2-test for panmixia;  
and the estimate of O allele frequency (q(O)) in the samples from the Aoshima Island 

Sample Genotypes ratio Genotype χ2, 
df = 1*

q(O) ± SE

O/– O/+ +/–

A Observed 36 13 26 1.668 0.570 ± 0.049

Expected 33.56 18.38 23.06

B Observed 26 14 16 0.008 0.589 ± 0.057

Expected 26.19 13.56 16.25

C Observed 34 13 23 0.930 0.581 ± 0.051

Expected 32.21 17.03 20.76

Notе. “–” means the state of the second allele is unknown; * means p > 0.20 in all cases.

However, modern data indicate that they are semi-dominant 
(W S ) and dominant (W ) mutations at the same W (KIT ) 
locus (David et al., 2014). The former is responsible for the 
piebald coloration, the carriers of the latter are completely 
white. There is a third, previously unknown, recessive mu-
tation w g (Gloving) producing ‘white socks’ in homozygous 
cats. None of the examined photos show the cats carrying 
any of the two last alleles (w g or W ).

The frequencies of recessive alleles (q) were calculated 
as the square root of the frequencies of the corresponding 
phenotypes, and of dominant ( p) – as p = 1 – q. 

The standard errors (SE) were calculated as 1 – q2

4n  

and  p(2 – p)
4n , respectively (Robinson, Manchenko, 1981; 

Goncharenko et al., 1985).
Since the sex of the animals was not determined, the 

O allele frequencies of the sex-linked Orange locus were 
estimated using the maximum likelihood method assuming 
an equal sex ratio (Adalsteinsson, Blumenberg, 1984). In 
the first approximation, the formula 

q = 2a + b
2n ,

was applied where a and b are the numbers of red (genotype 
O/–) and tortoiseshell (O/+) cats, and n is the sample size 
(n = a + b + c, where c is the number of nonorange (+/–) 
individuals) (Robinson, 1972). To get a more accurate esti-
mate an iterative algorithm qi+1 = qi +  dL  

dqi
 Var(qi) was used, 

where   dL
dq  =    a   

1 + q + a + b 
q  –    c   

2 – q  – b + c 
1 – q

, 

            
    1    
Var(q) = 0.5N    q   

1 + q + 3 – q 
q  + 1 – q 

2 – q + 2 + q 
1 – q  .

Its SE was calculated as √ Var(q).
To estimate the random mating (panmixia), the expected 

numerical ratio of genotypes a, b and c was estimated using 
the formulas: 0.5qn(1 + q), qn(1 – q) и 0.5n(2 – q) (1 – q), 
respectively.

Testing of the statistical hypotheses was carried out using 
the χ2- and G-tests, the last having a distribution similar 
to that of χ2 but being more convenient for analyzing 
contingency tables. Pairwise comparison of samples for 
individual loci was carried out using the χ2-test and the 
arcsine-transformation of the allele frequencies (Zhivotov-
sky, 1991). 

To assess the genetic differentiation of Fst and Gst 
(Kuz netsov, 2020), a computational add-on for Excel 
 GenAlEx 6.503 (Peakall, Smouse, 2012) was applied.

Results and discussion
Table 2 shows the results of testing for panmixia at the 
Orange locus. In all cases we observed a good correspon-
dence between the observed and expected frequencies of 
the genotypes (p > 0.20). The test for heterogeneity in the 
ratio of the genotype frequencies indicated the absence of 
significant differences between the samples for this charac-
teristic (G = 1.232, df  = 4,  p > 0.85). The O allele frequen-
cy in the samples under consideration ranged 0.570–0.589 
(mean, 0.580 ± 0.052) and was homogeneous (χ2 = 0.049, 
df = 2, p > 0.95).

Table 3 shows the estimates of the frequencies of the 
other alleles calculated under the assumption of panmixia. 
Testing for heterogeneity in the frequencies of mutant 
phenotypes did not reveal significant differences between 
the samples ( p > 0.15 in all cases).

A comparison with data on the frequencies of mutant al-
leles in the main islands of Japan showed that the alle le O 
frequency (0.580) in  Aoshima was two or more times  higher 
than in neighboring populations (q(O) = 0.232 (0.154–
0.412)), and the frequencies throughout Japan (q(O) = 0.220 
(0.095–0.490)) (Nozawa, Kawamoto, 2013). In samples B 
and C, the differences were significant ( p < 0.0001). In the 
case of allele a, the situation was reversed. Its frequency 
(0.276) was two or more times lower than in the neighboring 
populations (q(a) = 0.691 (0.614–0.783)) and throughout 
Japan (q(a) = 0.697 (0.463–0.839)), ( p < 0.0001). Allele l  
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Table 4. Indices of genetic differentiation between the insular and “mainland” populations

Index Orange Agouti White Long hair Total

Fst 0.156 0.181 0.039 0.008 0.106

Gst 0.152 0.175 0.035 0.004 0.101

Table 3. Observed phenotype ratio (Obs.) and mutant alleles frequency estimates (q) in the island’s samples

Genotype Sample Phenotype frequency 
homogeneity criterion, 

Average allele 
frequency,  
q ± SE A B C

Obs. q ± SE Obs. q ± SE Obs. q ± SE G,  
df = 2

p

a/a    3/39 0.277 ± 0.077    3/30 0.316 ± 0.087    2/36 0.235 ± 0.081 0.218 0.896 0.276 ± 0.081

+/– 36/39 27/30 34/36

WS/– 40/63 0.396 ± 0.050 25/39 0.401 ± 0.064 32/66 0.282 ± 0.043 1.830 0.401 0.360 ± 0.052

+/+ 23/63 14/39 34/66

l/l    4/75 0.231 ± 0.056    4/56 0.267 ± 0.064    6/70 0.293 ± 0.057 0.400 0.818 0.264 ± 0.062

+/– 71/75 52/56 64/70

frequency (0.264) fit into the range of variability in the 
surrounding populations (q(l ) = 0.214 (0.117–0.307)) and 
all Japanese islands (q(l ) = 0.181 (0–0.412)), ( p > 0.15). 

In their studies published earlier (Nozawa et al., 1990, 
2000; Nozawa, Kawamoto, 2013) pursued outdated ideas 
about the genetics of piebald coloration in cats: the piebald 
cats were considered as carriers of the dominant S allele 
of a Piebald white spotting locus. However, since the 
island’s cat population has no w g allele, for ease its com-
parison against the surrounding populations, in our study 
a proportion of piebald cats was used. In the considered 
samples they comprised 63.5 ± 6.1 %, 64.1 ± 7.7 % and 
48.5 ± 6.2 %, respectively (mean 58.7 ± 6.6 %). According 
to the test results, the samples were homogeneous in terms 
of the frequency of this trait (see Table 3, p = 0.401). The 
proportion of piebald cats on the island was not much 
higher than that in the surrounding populations (q = 0.456 
(0.346–0.523)) and fit within the variability range for all 
the Japanese islands (q = 0.532 (0.188–0.815), p > 0.25).

Examining other photos of the island’s cats showed the 
presence of the so-called bobtail (short-tailed) cats. Un-
fortunately, the available photos did not allow to estimate 
their proportion in the population, while in Japan their 
ratio varied from 0 to 79.6 % (mean 28.8 %) (Nozawa, Ka-
wamoto, 2013).

There are not so many publications (about 40) devoted to 
the population genetics of island domestic cat populations 
(Kholin, 2018). In most cases, the mutant allele frequencies 
of the populations correspond to those in the populations 
they originated from (Lloyd, 1987). This situation is com-

monly observed on the islands with stable large settle-
ments of people such as the Azores whose cat population 
came from Portugal (Todd, Lloyd, 1984). However, there 
are cases when groups of cats introduced accidentally or 
de liberately to small islands become feral. In such popu-
lations, the original genetic profile of the founding group 
has been preserved as a result of the founder effect (Dreux, 
1974; van Aarde, Robinson, 1980; Jones, Horton, 1984). 

This is the case of the Aoshima Island where the cats, 
once brought to the island, lived their lives protecting 
fish ing nets from rats and nothing has changed for them in 
this respect since the fishermen left the island. This is why 
this population has contrasting genetic differences when 
compared to the nearby populations it may have descended 
from. This is evidenced by the high genetic differentiation 
(Table 4) at two loci between the island population and 
that of their possible ancestors, populating the nearest port 
of Matsuyama City. This differentiation also indicates the 
founding group had a homogeneous phenotypic composi-
tion. With a greater probability, these were red cats, since 
among sailors and fishermen there is a belief that red cats 
bring good luck.

One of the indirect confirmations of the absence of sig-
nificant migration to the island after the cat population was 
established is the following fact. In the populations of the 
main islands of Japan, relatively low frequencies of the d 
and tab alleles are observed due to the country’s long-term 
historical isolation. In the postwar years, a steady increase 
in the proportion of cats carrying these alleles was noted 
for they became popular with the people of Japan (Nozawa, 
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Table 5. Mutant allele frequencies estimations of Aoshima’s domestic cat population and their statistical comparison

Allele This paper К. Nozawa, 2019 χ2 p

O 0.580 0.568 0.020 0.886

a 0.276 0.534 5.742 0.016

d ? 0.204 – –

W S 0.360 0.333 0.101 0.750

l 0.264 0.312 0.391 0.532

Kawamoto, 2013). However, in the Aoshima population 
there are still no cats with the “marble” phenotype homo-
zygous for the tab allele.

The presented data and the results of another study (No-
zawa, 2019) indicate the resemblance of the frequency es-
timates obtained by different observers since in both cases 
compa rable sample sizes have been obtained (56–75 and 
72 individuals, respectively). Table 5 shows the estimates of 
the mutant allele frequencies and the results of their statisti-
cal comparison, which indicate no statistically significant 
differences, except for the a allele, the frequency of which is 
significantly higher in the (Nozawa, 2019) sample. Another 
difference is the presence of cats of diluted color phenotype 
the in the Nozawa (2019) sample and their absence in our 
samples. This may be due to differences in the method for 
determining the phenotype of such cats. Thus, the founder 
effect has played a main role in the formation of the genetic 
composition of the island cat population.

What is interesting is the population’s future since most 
of the cats were neutered in 20185. But how this will affect 
the genetic structure of this population and its condition as 
a whole would only be shown by future research.

Conclusion
The genetic profile of the domestic cat populating the 
Aoshima island differs sharply from that of the popula-
tions of the port cities surrounding the island, and the 
Japanese population as a whole. The island’s cats lack the 
alleles common to other populations, and have one of the 
 highest frequencies of the O allele (q(O) = 0.580) observed 
in Japan. Phenotypically, this is an almost monomorphic 
population mainly composed of red and tortoiseshell indi-
viduals, which is probably due to the single introduction 
by fishermen to the island of a small group of cats with a 
high frequency of O allele carriers. Thus, the founder ef-
fect had a large influence on the formation of the genetic 
composition of the island’s cat population.
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Alterations in the social-conditioned place preference  
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Abstract. The incidence of autistic spectrum disorders (ASD) constantly increases in the world. Studying the mechanisms 
underlying ASD as well as searching for new therapeutic targets are crucial tasks. Many researchers agree that autism is a 
neurodevelopmental disorder. Clstn2-KO mouse strain with a knockout of calsyntenin 2 gene (Clstn2) is model for inves-
tigating ASD. This study aims to evaluate the social-conditioned place preference as well as density of dopaminergic (DA) 
neurons in the ventral tegmental area (VTA), which belongs to the brain reward system, in the males of the Clstn2-KO strain 
using wild type C57BL/6J males as controls. Social-conditioned place preference test evaluates a reward-dependent com-
ponent of social behavior. The results of this test revealed differences between the Clstn2-KO and the control males, as the 
former did not value socializing with the familiar partner, spending equal time in the isolation- and socializing-associated 
compartments. The Clstn2-KO group entered both compartments more frequently, but spent less time in the socializing-
associated compartment compared to the controls. By contrast, the control males of the C57BL/6J strain spent more time 
in socializing-associated compartment and less time in the compartment that was associated with loneness. At the same 
time, an increased number of DA and possibly GABA neurons labeled with antibodies against the type 2 dopamine receptor 
as well as against tyrosine hydroxylase were detected in the VTA of the Clstn2-KO mice. Thus, a change in social-conditioned 
place preference in Clstn2-KO mice as well as a higher number of neurons expressing type 2 dopamine receptors and tyro-
sine hydroxylase in the VTA, the key structure of the mesolimbic dopaminergic pathway, were observed.
Key words: Clstn2-KO mice; social behavior; brain; ventral tegmental area; dopaminergic neurons.
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Аннотация. В мире наблюдается рост случаев расстройств аутистического спектра (РАС). Исследование механиз-
мов и причин возникновения РАС, а также поиск мишеней для терапии этих расстройств являются актуальной зада-
чей. Многие исследователи сходятся во мнении, что возникновение аутизма связано с нарушением развития нерв-
ной системы. Линия мышей Clstn2-KO, нокаутов по гену кальсинтенин-2, полученная на основе C57BL/6J, моделирует 
симптомы РАС. Данное исследование было направлено на изучение у самцов Clstn2-KO социального предпочтения 
места и плотности дофаминергических нейронов в вентральном тегментуме, который представляет собой часть 
системы вознаграждения головного мозга, в сравнении с контрольной линией мышей C57BL/6J дикого типа. Тест 
«социально обусловленное предпочтение места» отражает социальное вознаграждение. Результаты этого теста по-
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казали, что у самцов Clstn2-KO наблюдаются отклонения от контрольных мышей в социальном вознаграждении, 
так как они проводили одинаковое время в обоих отсеках установки, ассоциированных либо с изоляцией, либо с 
социализацией со знакомым партнером. При этом животные из группы Clstn2-KO заходили в обе части камеры зна-
чительно чаще, но проводили меньше времени в социально-ассоциированном отсеке по сравнению с контрольной 
группой. Самцы контрольной линии C57BL/6J, напротив, проводили больше времени в отсеке, ассоциированном с 
социализацией, где было взаимодействие с сородичем, и меньше в отсеке, в котором ранее особь находилась в оди-
ночестве. В вентральном тегментуме, отвечающем за процессы, связанные с вознаграждением, у мышей Clstn2- KO 
было обнаружено повышенное число дофаминергических нейронов и, возможно, ГАМК-ергических нейронов, 
меченных антителами против дофаминового рецептора второго типа и тирозингидроксилазы. На основании по-
лученных результатов можно заключить, что у мышей Clstn2-KO имеет место изменение значимости социального 
вознаграждения, а также обнаружено повышенное число нейронов, экспрессирующих дофаминовые рецепторы 
второго типа и тирозингидроксилазу, в одной из важных структур мезолимбического дофаминергического пути – 
вентральном тегментуме, который является частью системы вознаграждения.
Ключевые слова: мыши Clstn2-KO; социальное вознаграждение; мозг; вентральный тегментум; дофаминергические 
нейроны.

Introduction
Autism Spectrum Disorders (ASD) in children are characte
rized by impaired social interaction, low interest in peers, and 
difficulties in maintaining social contacts (Autism Spectrum 
Disorder, 2013). Many researchers agree that the ASD are 
developmental disorders of the nervous system (Bourgeron, 
2009; Buxbaum, 2009; Marshall, Mason, 2019; Sawicka et 
al., 2019; Girault, Piven, 2020; Yang, Shcheglovitov, 2020). 
An imbalance between excitation and inhibition processes in 
various brain structures is characteristic for ASD (Canitano, 
2007), which is caused by abnormal interactions between 
neurons and by impaired synaptic plasticity (Zoghbi, 2003). 
Mutations in the adhesion proteins genes, which play a key 
role in intercellular connections, including interneuronal and 
neuroglial contacts, have been identified in a number of  ASD 
studies (Bourgeron, 2009; Buxbaum, 2009). In particular, 
impaired synthesis of neurexins, neuroligins, contactins, and 
cadherins may be associated with the development of ASD 
in humans (Bourgeron, 2009; Buxbaum, 2009). Also, in the 
mouse strains modeling these disorders, the expression of 
genes responsible for the formation of these proteins may be 
impaired (Lipina et al., 2016; Zhang Q. et al., 2019).

Calcintenin1, 2 and 3 (Clstn1, Clstn2 and Clstn3), be
longing to the cadherin family, are synaptic adhesion proteins 
that are able to bind Ca2+ ions and regulate their intracellular 
concentration. Of particular interest is Clstn2, which is spe
cifically expressed in inhibitory interneurons (Hintsch et al., 
2002) and is associated with verbal memory in adolescents 
(Jacobsen et al., 2009), as well as with semantic and cognitive 
characteristics in the elderly (Laukka et al., 2013). Moreover, 
genetic analysis of gene copy number variation in autistic pa
tients revealed a deletion of the 2nd intron of the Clstn2 gene 
(AlAyadhi et al., 2016). According to The Human Protein Atlas 
(https://www.proteinatlas.org/), Clstn2 in mice is expressed in 
the hippocampus and some other brain structures, including 
the midbrain. To study the function of this protein, a Clstn2 
knockout (Clstn2KO) mouse strain based on C57BL/6J was 
established (Lipina et al., 2016). As we have shown earlier, the 
absence of Clstn2 in mice causes a selective deficit of inhibi
tory interneurons in the prefrontal cortex and hippocampus 
(Lipina et al., 2016). This is accompanied by the manifesta
tion of ASD-like conditions, including stereotypy, insufficient 
social motivation, abnormal ultrasonic vocalization (Ranneva 

et al., 2017; Klenova et al., 2021), as well as morphological 
changes in synapses (Ranneva et al., 2020).

Previously, structural and functional disorders in the me
solimbic dopaminergic pathway, which includes the ventral 
tegmental area (VTA) and nucleus accumbens, were found in 
children with ASD, and these changes in the reward system 
were demonstrated to be associated with underdevelopment 
of social skills (Supekar et al., 2018). Studies demonstrate 
that synaptic proteins associated with the development of 
ASD (Huguet et al., 2016) play an important role in the 
functioning of the mesolimbic pathway of the dopaminergic 
(DS) and GABAergic brain systems (Hart et al., 2012; Ka
rayannis et al., 2014), one of the key midbrain components of 
which is the VTA (Lammel et al., 2008; Morales, Margolis, 
2017). The VTA is a key structure of the reward brain system 
(Sesack, Grace, 2010) and regulates behavioral response to 
reward/ pu nish ment, including social reinforcement (Gunay-
din, Deisseroth, 2014; Saunders et al., 2015). The VTA con
tains the bodies of dopaminergic (DA) neurons, as well as 
the glutamatergic and GABAergic neurons (Saunders et al., 
2015). Terminals of DA neurons of the dopamine mesolimbic 
pathway are characterized by cotransmission, i. e. the ability 
to release various neurotransmitters, in particular, dopamine, 
glutamate, and GABA (Root et al., 2014; Zhang S. et al., 2015; 
Berrios et al., 2016).

One of the theories of autism is based on the notion that 
social motivation is reduced in autistic persons due to the 
alterations in the brain reward system (Kohls et al., 2012). 
Although the development of subcortical neuronal mecha
nisms of the brain is critical within the first months of life, 
the brain structures involved in the reward processes, that is, 
in the formation and correction of behavior through positive 
reactions to various stimuli, are functioning during the life-
span (Kohls et al., 2012, 2014). The imbalance between social 
and nonsocial motivation is the peculiar characteristic of the 
reward system in autistic persons (Kohls et al., 2014). This 
theory assumes that the reward system in ASD subjects is 
hyperactive in response to interests unrelated to socialization, 
while disruption of social behavior associates underactivity 
of the brain reward system in response to socially significant 
stimuli (Kohls et al., 2012, 2014).

The neurobiological reward system includes DA neurons 
of the VTA, which have projections mainly to the nucleus 
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accumbens and to the prefrontal cortex, and regulates social 
motivation (Saunders et al., 2015). It was demonstrated that 
DA neurons of the reward system increase their activity  during 
the interaction of a mouse with a relative (Solie et al., 2022). 
A characteristic feature of DA neurons is that they release 
dopamine as a neurotransmitter and also contain the enzyme 
tyrosine hydroxylase (TH), which is necessary for its synthesis 
(Morales, Margolis, 2017). The study of Lammel et al. (2008) 
considers two types of DA neurons in the VTA (Lammel et al., 
2008). Type 1 DA neurons express TH and a dopamine recep
tor type 2 (D2R), and their terminals end up within the shell of 
the nucleus accumbens and in the dorsolateral striatum. Type 2 
DA neurons express TH, but not D2R, and their endings spread 
to the prefrontal cortex, the core and the medial zone of the 
shell of the nucleus accumbens, as well as the basolateral parts 
of the amygdala nuclei. The D2R, which can be expressed 
not only on DA but also on GABAergic neurons (Lammel et 
al., 2008; Margolis et al., 2012; Morales, Margolis, 2017), is 
associated with addictive behavior in which the brain reward 
system, the VTA in particular, is involved (Bello et al., 2011).

Mice express social behavior in a variety of contexts, 
including interactions with peers of the same and the op
posite sex, it is also involved in early play behavior and in 
mother-offspring interactions (Chen, Hong, 2018). The social-
conditioned place preference test evaluates social reward in 
young and adult mice when a certain context is associated with 
positive social interaction with a familiar partner (Panksepp, 
Lahvis, 2007; Lipina et al., 2013; Lan et al., 2019). Based on 
this, we hypothesized that ASDlike social behavior may be 
associated with impaired functioning of one or more elements 
of the mesolimbic dopaminergic pathway, which plays an im
portant role in the regulation of social preference (Gunaydin, 
Deisseroth, 2014).

The aim of this work was to study social reward in Clstn2 
knockout mice (Clstn2KO), as well as to study the density 
of neurons containing D2R and TH in the VTA.

Materials and methods
Experimental animals. Seven Clstn2-KO males, and five 
wild-type (C57BL/6J) males at the age of three months were 
used in this study. Animals were kept in the same-sex groups 
of  3–5 individuals in 36 × 25 × 14 cm (length × width × height) 
cages, in a conventional vivarium at the Institute of Neuro
sciences and Medicine (Novosibirsk) with sawdust bedding; 
12D:12L cycle, at 20–22 °C, with free access to dry granulated 
food for laboratory rodents and to purified water. All studies 
were done in accordance with the European Convention for 
the Protection of Vertebrate Animals used for Experimental 
and Other Scientific Purposes (ETS No. 123).

Social-conditioned place preference test. The study was 
carried out as described previously (Panksepp, Lahvis, 2007; 
Lipina et al., 2013; Lan et al., 2019), with minor modifica
tions. Briefly, on the eve of the experiment, the animals were 
kept individually for 24 hours. The experimental chamber 
consisted of three compartments. Two outer compartments 
(between which there was a third – an intermediate compart
ment) were separated by removable partitions. The floor, made 
of polypropylene, was of a different texture in the two outer 
compartments: rough and smooth. Before testing, the mice 

were adapted to the experimental cage and the selection of 
the floor texture by the tested mouse was evaluated to exclude 
the possibility of the preference for one or another surface 
nonrelated with social interaction (session “adaptation”). 
The assessment was carried out visually using a stopwatch: 
the time spent (in seconds) in each of the compartments 
during 20 minutes. After adaptation, the test animals were 
housed in separate cages for 24 hours. Thereafter, the main 
experiment started.

The compartment with a rough surface was associated with 
social interaction, as the studied mouse was there in contact 
with its familiar relative of the same sex, age, and genotype, 
while the compartment with a smooth surface was associated 
with isolation, as the mouse was alone there. The procedure 
for establishing an “association” of the surface type with the 
compartment context took three days. On the first day of the 
experiment, the tested mouse was placed for 20 minutes in a 
compartment with a rough floor for socialization with a fami-
liar partner. Three hours later, the animal was transferred to a 
compartment with a smooth floor, where it was left alone for 
20 minutes. On the second day, the test mouse was first placed 
in the smooth surface compartment, where it was alone for 
20 minutes, and after three hours, it was placed in the rough 
surface compartment with a partner for 20 minutes. On the 
third day of the experiment, the conditions were repeated 
as described for the first day. It is important to note that the 
familiar partner during the 20-minute socialization remained 
the same for each experimental animal during the three days 
of social reward formation. After each 20minute session, 
surfaces were cleaned up with 70 % alcohol to remove odors 
and the surfaces were thoroughly dried. On the fourth day, the 
mice explored the set for 15 minutes (basic behavior session). 
On the fifth day of the experiment (“social reward test”), each 
mouse was placed in the central compartment of an empty 
setup, the partitions were removed to allow free movement, 
and the time spent in the compartments with a smooth and 
rough floor texture was recorded for 20 minutes. The evalua
tion was carried out visually using a stopwatch. The criterion 
for the presence of a mouse in a particular compartment was 
the presence of the entire body of the animal (all four paws) in 
the compartment, either with a rough or smooth floor covering.

Intracardiac perfusion. All animals used in the behavio
ral experiment were perfused the day after its completion 
through the circulatory system to fix the brain. Mice were 
anesthetized by intramuscular injection of 75 μL (per 10 g of 
weight) medetomidine hydrochloride (Meditin, 1 mg/ml; API-
SAN, Russia) and 60 μL (per 10 g of weight) zoletil (Virbac, 
France). Thereafter, mice were injected through the circulatory 
system with 30–50 mL of phosphate-buffered saline (PBS), 
and then 10 % formalin solution based on PBS. After that, the 
brain was removed and placed in a 30 % sucrose solution in 
PBS at +4 °C for dehydration and further fixation for the next 
3–4 weeks until the fixed material sank to the bottom of the 
flask. The fixed brain samples were frozen using Tissue-Tek 
O.C.T. (Sakura Finetek, USA) and stored at –70 °C.

Preparation of frozen brain slices. Three animals were 
randomly chosen for each group for the histological analysis. 
Frozen brain sections from each of the animals were made 
at a distance of –2.92 to –3.28 mm from the bregma, which 
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Social-conditioned place preference

Parameters Strain (number of males)

C57BL/6J  (n = 5) Clstn2-KO  (n = 7)

Isolation-associated compartment, sec 359.28 ± 71.71 457.54 ± 47.66

Social-associated compartment, sec 648.24 ± 74.56* 461.06 ± 24.55+

Isolation-associated compartment, n    14.80 ± 2.24    30.57 ± 2.79+++

Social-associated compartment, n    15.80 ± 1.77    31.43 ± 2.52+++

*p < 0.05 as compared with time in isolation-associated compartment; +p < 0.05 as compared with C57BL/6J; +++p < 0.001 as compared with C57BL/6J.

corresponds to the area of the VTA. Sections 10 µm thick 
were obtained on an HM550 OP Cryotome (Thermo Fisher 
Scientific, USA) at –25 °C and placed on Superfrost Plus, 
Menzel-Glaser glass slides (Thermo Fisher Scientific).

Immunohistochemical staining. Sample staining was 
performed according to the manufacturer’s protocols with 
minor modifications. Briefly, after washing and exposure 
to Protein Block ab64226 (Abcam, UK), 50 µL of the cor
responding antibody was added and left in a humid dark 
chamber overnight at +4 °C. The concentration of antibodies 
was: 1:400, 1:800 – antiD2RAF647 sc5303 (Santa Cruz 
Biotechnology, USA) and anti-TH-AF488 MAB318-AF488 
(Merck, Germany), respectively. Thereafter, the samples 
were washed in PBS-Tween, excess liquid was removed and 
placed in ProLong, Glass Antifade Mountant, Thermo P36982 
(Thermo Fisher Scientific).

Analysis of the density of neurons. Images were ob
tained using a confocal laser scanning microscope LSM 780 
(Carl Zeiss, Germany) equipped with a Plan-Apochromat 
20x/0.8 M27 objective (Carl Zeiss) at the research facilities 
of the Center for Collective Use of Microscopic Analysis of 
Biological Objects of  the Siberian Branch of  the Russian  Aca
demy of Sciences (https://ckp.icgen.ru/ckpmabo/) to estimate 
the density of antibodies labeled neurons. The number of cells 
was counted manually: without the use of special programs 
for counting, in at least three sections per animal, in a field 
of view of 10 000 µm2 (one field of view per section). Since 
the VTA is a heterogeneous structure (Sanchez-Catalan et 
al., 2014), we took sections throughout the entire area, which 
correspond to a certain distance from the bregma, i. e., the 
rostral part of the VTA –2.92 mm, the central part –3.16 mm 
and caudal part –3.28 mm according to the atlas (Paxinos, 
Franklin, 2001). The ImageJ program was used to restrict 
the field of view (10 000 µm2). The average number of cells 
from three sections for each animal and the average volume 
density (mm3) were calculated.

Statistical analysis. The analysis of the results was car
ried out using the STATISTICA v. 12.0 (StatSoft, Inc., USA) 
software package. All data were tested for normality using the 
Shapiro–Wilk Wtest. Data on the behavioral parameters are 
presented as mean ± standard error of the mean (M ± SEM). 
Comparison between groups was performed using Student’s 
ttest. Data on neuron density are presented as a median 
with the first and third quartiles – Me [Q1;Q3]. The density 
of labeled neurons between groups was compared using the 
Mann–Whitney U-test. The significance level was taken at 
p < 0.05.

Results
The preliminary testing of the control (C57BL/6J) and 
Clstn2 KO mice before the start of the main experiment did 
not reveal significant differences on the time spent in the 
compartments with smooth (499.8 ± 43.6 and 490.5 ± 37.0 sec, 
respectively) and rough (550.7 ± 17.8 and 472.8 ± 28.3 sec, re
spectively) floor; thus the preference for a certain compartment 
by mice of both studied groups was excluded. The results of 
the main test are presented in the Table. Mice of the control 
group spent more time ( p < 0.05) in the socially associated 
compartment, where there was interaction with the conspeci
fics, compared with the compartment in which the individual 
was previously alone. Meanwhile, Clstn2KO mice spent the 
same amount of time in both compartments. At the same time, 
animals from the Clstn2-KO group entered both parts of the 
chamber much more often ( p < 0.001), but spent less time 
( p < 0.05) in the socially associated compartment compared 
to mice of the control group.

Data on the density of VTA neurons labeled with D2R and 
TH antibodies are presented in Figures 1 and 2. Statistical 
analysis revealed a higher ( p < 0.001) density of neurons 
labeled with anti-D2R and anti-TH in Clstn2-KO knockout 
mice in the studied area as compared to controls.

Discussion
Previously, the socialconditioned place preference test was 
already used on mice of different strains (C57BL, DBA, 
BALB, Disc1-Q31L) (Panksepp, Lahvis, 2007; Lipina et 
al., 2013; Lan et al., 2019). It was shown that normally the 
animals spend more time in the compartment where they had 
previously contacted conspecifics; these findings are consis
tent with the notion that socially conditioned place preference 
reflects social rewards (Panksepp, Lahvis, 2007). In our study, 
we examined social place preference as well as the density of 
anti-D2R and anti-TH antibody-labeled neurons in the VTA of 
Clstn2-KO males and wild-type control (C57BL/6J) mice. In 
the socialconditioned place preference test, Clstn2KO mice 
entered both compartments significantly more often, which 
is apparently due to their higher level of locomotor activity 
compared to the controls, which is consistent with the hyper
activity of these animals described in an earlier work (Lipina 
et al., 2016). It is possible that Clstn2-KO mice, due to their 
hyperactivity, were unable to form a reward caused by daily 
socialization with a familiar partner, and as a result, were 
unable to express their preference for the “social” compart
ment. The observed impairment of social place preference in 
Clstn2 KO mice is in good agreement with the previously 
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Fig. 1. The density of neurons labeled with anti-D2R, and anti-TH in the ventral tegmental area.
N – number of neurons in the field of interest. ● – density of neurons obtained per each slice. The upper and the lower bounds of the 
boxes correspond to the first and the third quartiles, respectively; bold horizontal line – median; vertical lines – standard deviation. 
***p < 0.001 as compared with C57BL/6J.
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Fig. 2. The density of neurons labeled with antibodies against the second dopamine receptor (anti-D2R-AF647) and tyrosine 
hydroxylase (anti-TH-AF488) in males of C57BL/6J and Clstn2-KO strains in the ventral tegmental area.
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reported impairment of social behavior for these mice (Ran
neva et al., 2017; Klenova et al., 2021).

In our work, we focused on the study of neurons expressing 
D2R and TH in the VTA. In both Clstn2-KO and C57BL/6J 
mice, the number of neurons labeled with anti-TH antibodies 
was slightly higher than the number of neurons labeled against 
D2R. This is apparently due to the fact that not only the DA 
neurons in which TH is found but also GABAergic neurons of 
the VTA express D2R (Lammel et al., 2008; Morales, Margo
lis, 2017). Meanwhile, we found more neurons with both D2R 
and TH in the VTA of Clstn2-KO mice compared to controls.

It was found that Clstn2-KO mice have more neurons con
taining D2R, as well as TH in the VTA compared to C57BL 
mice. Our data, as well as the results obtained on other strains 
of mice modeling ASD (Squillace et al., 2014; Bariselli et al., 
2016, 2018; Chao et al., 2020; Tassan Mazzocco et al., 2021), 
indicate changes in the mesolimbic dopaminergic pathway, 
which also plays an important role in human ASD (Supekar 
et al., 2018). In particular, in the work on mice of the BTBR 
strain, despite the fact that they did not reveal functional 
changes in D1R in the striatum, a sharp decrease in D2R func
tions was observed upon activation of DA neurons (Squillace 
et al., 2014). Also, in Shank3 and Nlgn3-KO mice, a decrease 
in the activity of DA neurons in the VTA was revealed, which 
caused a behavioral deficit, including alterations of social 
preferences compared to C57BL controls (Bariselli et al., 
2016, 2018). In another study, two strains of mice modeling 
different forms of ASD were studied: BTBR and Fmr1-KO 
(Chao et al., 2020). A general decrease in tyrosine hydroxylase 
expression was found in the substantia nigra, VTA and striatum 
and in BTBR mice compared to C57BL mice, but not in the 
Fmr1-KO strain (Chao et al., 2020). In a study of TKO mice, 
which is another model of autism, no changes were found in 
the VTA DA neurons (Tassan Mazzocco et al., 2021).

Thus, ASD is often, but not always, associated with dis
turbances in the DS in the VTA. A rather unexpected result is 
that in Clstn2-KO mice the DS in the VTA is changed, but in 
the direction of an increase in the number of neurons contain
ing D2R and TH. The previously described hyperactivity of 
Clstn2KO mice (Lipina et al., 2016), which was corroborated 
in the current work by the increased frequency of entering of 
the compartments in the socialconditioned place preference 
test, may be associated with an increased density of neurons 
expressing D2R. It has been shown in the hyperactive Colo
boma mice, that knockout of the D2R dopamine receptor gene 
resulted in a decrease in locomotor activity compared to con
trols (Fan et al., 2010). Based on this, one may assume that the 
increase in neurons with D2R in the VTA of Clstn2-KO mice 
reported herein may be associated with an increased locomo
tor activity of these animals. It is also interesting to note that 
human studies have shown that nucleotide polymorphism in 
the D2R gene can be considered as a potential risk factor for 
the development of not only ASD, but also attention deficit 
hyperactivity disorder (Mariggio et al., 2021).

It was previously shown that male Disc1-Q31L mice with 
depressionlike behavior, which were studied in the social
conditioned place preference test, unlike Clstn2KO mice, 
preferred the compartment associated with isolation (Lipina 

et al., 2013). It can be assumed that this test adequately as
sesses the alterations of social behavior different models of 
mental disorders. Indeed, a depressive-like state caused by 
a deficiency of monoamines, including DA, is  characterized 
by a complete avoidance of social contacts, which was de
monstrated for the Disc1-Q31L strain (Lipina et al., 2013). 
However, in our study on Clstn2-KO mice, which are a model 
of ASD, results of this test were different. Nevertheless, we 
cannot completely exclude the effect of impaired spatial long-
term memory observed in the Morris test in Clstn2KO mice 
(Lipina et al., 2016) on social preference, which needs to be 
considered in future studies.

The data obtained may indicate a decrease in motivation for 
interacting with conspecifics in mice with a knockout for the 
Clstn2 gene, as the mice of this strain have not demonstrated 
preferences to social-associated compartment. Also, changes 
were found in the VTA, which plays an important role in 
social preference (Gunaydin, Deisseroth, 2014); in this brain 
structure, an increased number of neurons expressing D2R and 
TH was found in Clstn2-KO mice. Thus, it can be assumed that 
the Clstn2 gene plays a certain role in dopamine-dependent 
processes of reward and motor activity, which may be asso
ciated with changes in the density of DA neurons in the VTA.

Conclusion
The results of this study suggest that Clstn2 knockout mice, 
which can be considered as a model for studying autism 
spectrum disorders, demonstrate a change in the perception of 
social reward and an increased number of neurons expressing 
dopamine type 2 receptors and tyrosine hydroxylase in one 
of the important structures of the mesolimbic dopaminergic 
pathway – the ventral tegmental area, which is part of the 
reward system.
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