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OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-23-13

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 185 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 a-subunit of eukaryotic initiation factor 2 (elF2a) 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 elF2a phosphorylation. It was also found that cleavage of 18S rRNA near
the 5'-terminus began much earlier than elF2a phosphorylation, which became noticeable only at higher concentration
(500 uM) of glyphosate. This result suggests that discrete fragmentation of 185 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 elF2a
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; elF2a 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

O6paboTKa rnmudocaToM IPUBOANUT K HAKOIIJIEHUIO
B KJIETKaxX pacTeHM MalbIX IUCKPETHBIX
5'- m 3'-KoH1IeBbIX (pparmMeHTOB 18S pPHK

A.B. XKuraitaos®, A.C. Huskopopoga, K.O. llapumnos, H.C. TToaum6eToBa, b.K. Vckakos

WHCTUTYT MonekynapHoii 6ruonorum n 6roxummn um. M.A. ANTXOX1Ha MUHMCTEPCTBa HayKK 1 BbicLiero obpasosaHua Pecrybnyiku KasaxctaH, Anmatbl, KasaxcTaH
® andrzhig@gmail.com

AHHoTauusa. [Npy MHOMMX BUAax cTpecca SykapuoTrnyeckume KNeTKy BbICTPO CHIKAKT 00LuniA ypoBeHb TpaHcnAaumuy 60nb-
winHcTBa MPHK. OfHaKo HeKOTOpble MONEKYNAPHbIE MEXaHU3MbI MHIMOUPOBAHUA CMHTE3a 6enka, Takue Kak pochopunu-
poBaHuve 3yKaproTuyeckoro dakTopa 3noHraumm TpaHcnauny (eEF2), GyHKLUMOHMPYIOT Y MMUBOTHBIX 1 APOXKEN, HO He
peanusytoTcay pacteHuid. Mbl npegnonaraem, YTo CyLLecTBYeT afbTePHATVBHbIN MEXaHN3M MHTMOUPOBaHUA CUHTe3a 6efika
B KNeTKax pacTeHUI 1, BO3MOXHO, APYT1X 3yKaprOT, OCHOBaHHbI Ha AUCKPeTHON PpparmeHTaumm monekyn 18S pPHK BHy-
TPY Manbix cyobeanHuL, prubocombl. Mbl naeHTrOULMpPOBanm YeTbipe manble PHK, MHOYLMPOBaHHbIe CTPeCccoM, KoTopble
npencTaBnAlT coboit 5'- n 3'-koHueBble pparmeHTbl 18S pPHK. B HacToAwel paboTe Mbl ccnefoBan MHAYKLUMIO ANCKPET-
Holt dparmeHTauum 18S pPHK n pocdopunupoaHme a-cybbeauHnLbl SyKaproTuniyeckoro dpaktopa nHuymaumm 2 (elF2a) B
NPOPOCLUMX 3aPOAbILIAX MIEHNULbI B TPUCYTCTBUN rMdocaTa, UMUTUPYIOLLErO COCTOAHME aMVHOKMCIOTHOO FofIoAaHuA.
Mcnonb3ysa HO3epH- 1 BECTEPH-ONOTTUHT, Mbl MOKa3anu, YTo MHAYLMPOBaHHbIe CTpeccom dpparmeHTsbl 185 pPHK HaumHatoT
HaKannMBaTbCA B 3apOofblLiax NiIeHWLbl NPU KOHLeHTpauuax rudocaTta, He BbidbiBatoLwmx pochopunupoarms elF2a. Tak-
e ycTaHOBMeHo, uTo pacuiennerve 18S pPHK B6n13M 5'-KoHLa HauMHaeTCA ropasfo paHblue, YemM CTaHOBUTCA 3aMETHbIM
docdopunnposaHue elF2a npu BbicoKo KoHUeHTpauun rmudocata (500 MKM). OTOT pe3ynbTaT yKasbiBaeT Ha TO, YTO AUC-
KpeTHas ¢parmeHTauua 18S pPHK moxeT npefcTaBnaTb OO0 PerynaTopHbI MexaHu3m TpaHcnauum MPHK B oTBeT Ha
CTpecc 1 NPOVCXOANUTb B PAaCTUTESNIbHBIX KNeTKax napannenbHo ¢ dochopunmpoBaHmem elF2a n He3aBUCUMO OT Hero. Bbl-
ABNEHHbIe 5'- 1 3'-KOHLEeBble Manble parmeHTsbl 18S pPHK, HakannmBatowmeca Npy pasfanyHbIX CTPeCcax, MOryT ClyXUTb
MapKepamy CTPeCccoyCTONYMBOCTY B MpoLiecce cenekumm X03ANCTBEHHO BaXKHbIX KYJIbTYp pacTeHuM.

KnioueBble cnosa: 3apoapiwy nweHuubl; 18S pPHK; anckpetHas ¢parmeHTtaums; 40S prboCcoMHble CyObeanHNLLbI;
rnudocat; docdopunuposaHume elF2a; cTpecc; ronopaHue.

© 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



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

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 elF4E-binding proteins
(4E-BPs), which prevent eIF4E from binding to the m’G-
cap structure of mRNA (Hernandez et al., 2010). However,
no clear homologs of these eI[F4E-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 a-subunit of
eukaryotic initiation factor 2 (elF2a) by specific protein ki-
nases. This process in mammalian and yeast cells leads to
the blocking of GDP — GTP exchange protein elF2B 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 e[F2B (Shai-
khin et al., 1992), and elF2a phosphorylation in plant systems
in vitro does not lead to strong inhibition of protein synthesis
(Zhigailov etal., 2020). In addition, of the four protein kinases
(mPKR, mHCR, mPERK, mGCN2) that phosphorylate the
elF2a in mammalian cells, only pGCN2-kinase was found
in plants, and the phosphorylation of elF2a 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
0f'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

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

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 sarcin-ricin loop with the cleavage of the 3'-terminal Endo-
rRNA-fragment (Endo, 1988). Toxins of plants (ricin, abrin,
and modecin), fungi (a-sarcin) 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 elF2a
kinase of plants (pGCN2-kinase) is activated, in addition to
plant elF2a 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 (134nt-5'18S) begins earlier than
the activation of pGCN2 kinase and becomes noticeable at
relatively low concentrations of glyphosate when plant e[F2a
phosphorylation does not occur at all.

Materials and methods
Plant material and treatment. Wheat (7riticum aestivum L.
cv. Kazakhstanskaya 10) seeds were sterilized in 70 % (v/v)
ethanol for 2 min, then in 2 % (w/v) NaOClI for 20 min, and
washed thoroughly with sterile water. Seeds were germinated
at 26 °C 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 pg/ml chloramphenicol, and 50 pg/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
(5'18S-DIG and 3'18S-DIG) 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 Tris-borate 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/cm? 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 phospho-elF2a (S51) produced in
rabbit (CellSignaling Technology, 1:1000) were used for the
immune-detection of phosphorylated 7. aestivum (1a) elF2a
(TaelF2(aP)). Then horseradish peroxidase-conjugated 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 elF2a 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 eIF2a (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 7uelF2a
were assessed in their cells. The results are present in Figure 1.

Phosphorylation of 7aelF2a becomes noticeable only at
relatively high concentrations (0.5 and 5 uM) 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 100nt-3'18S and 70nt-
3'18S was observed at the same concentrations of glyphosate
(tracks 4 and 5 on Fig. 1, ¢; right panel). At the same time,
5'-terminal fragments of 18S rRNA, 134nt-5'18S and 75nt-
5'18S, began to accumulate in noticeable amounts even at
very low concentrations (5 pM) 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 75nt-5'18S, and the
100nt-3'18S 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 TaelF2a phosphorylation and of dis-
crete fragmentation of 18S rRNA. For this, a glyphosate con-
centration of 500 pM was chosen, which induced quite ef-
fective phosphorylation of 7aelF2a, as well as a significant
increase in the content of 18S rRNA small fragments: 134nt-
5'18S, 75nt-5'18S, 100nt-3'18S and 70nt-3'18S (see Fig. 1,
Table 1). The results of the experiment are shown in Figure 2.
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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 7aelF2a
phosphorylation begins 45 min after the start of glyphosate
treatment (a faintly visible band on track 4 on Fig. 2, ¢; right
panel), and 7aelF2aP becomes quite noticeable after 60 min
of such treatment (track 5 in Fig. 2, ¢; immunoblot).

The 3'-terminal fragmentation of 18S rRNA is observed
after 3 hours after the start of glyphosate treatment: fragments
100nt-3'18S and 70nt-3'18S 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, 134nt-5'18S
and 75nt-5'188S, 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 134nt-5'18S is higher than that of 75nt-5'18S
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 75nt-5'18S 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 elF2a 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 elF2a phosphorylation (Yu et al., 2021). In addition,
elF2a 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 elF2a 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 elF2a 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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Fig. 1. The effect of glyphosate on TaelF2a phosphorylation and 185 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; ¢, Northern blot analysis using 3'18S-DIG
probe (right panel). Left panel - ethidium bromide stained PAA-gel; d, Phosphorylation status of TaelF2a in wheat embryos.
Presented are the membrane stained with Ponceau S (left panel) and blot-membrane developed using anti-HselF2(aP) 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: 7 - 0 uM (control); 2 - 5 pM; 3 - 50 uM; 4 - 0.5 uM; 5 — 5 pM. L — Low Range ssRNA ladder;

M - PageRuler Plus Protein Ladder.

Table 1. Optical densitometry analysis for assessing the 18S rRNA fragments in wheat embryos

following treatment with glyphosate at various concentrations

Glyphosate Normalized signal
COncentratiOn, S(134nt—5’185) / S(75nt-5'1 8S) / S(134nt-5'185 + 75nt-5'18S) / S(100nt-3'1 89) / S(70nt-3’185) / S(100nt-3'185 +70nt-3'18S) /
L SeSRNA SSRNAL SSSRNAL SGSRNAL SesRN. SSSRNAL
0 0.14+0.01 0284007 0424007 0.15+0.01 0.17 +0.03 0.33+0.03

""""""""""""""""" 0294004  08+0.15% 114015 0194003  019+002 038+005
50 044+01% 078+012%  12%01% 0254004 0274003 0524006
500 024002 09+019% 11019 08+0.1% 058+009%  14+02%
5000 024002  118+021*  14%02%  12%01% 086+015% 201+018%

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

acid starvation may lead to a decrease in the level of mMRNA
translation. This molecular mechanism can be realized in
parallel with the known mechanism of translational re-
gulation mediated by elF2a 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 TaelF2a 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 - ethidium
bromide stained PAA-gel; ¢, Phosphorylation status of TaelF2a in wheat embryos exposed to glyphosate treat-
ment. Presented are the membrane stained with Ponceau S (left panel) and blot-membrane developed using
anti-HselF2(aP) 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 uM glyphosate
during the following periods: 7 — 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 185 rRNA fragments in wheat embryos
treated with 500 uM glyphosate for different time periods

Time, min Normalized signal
Sqizantsss) / Sasntsss)/ S(i3ant-5185 + 75nt-518s)/  S(100nt-3185)/ Sgont-318s)/ S(100nt-3185 + 70nt-3185) /
S(ss RNA) S(ss RNA) S(ss RNA) S(ss RNA) S(ss RNA) S(ss RNA)
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Conclusion

This paper presents data indicating that in plant cells the imi-
tation of amino acid starvation induces, in addition to elF2a
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 eIlF2a 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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Control of meiotic crossing over in plant breeding
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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 x 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, TOP3a, 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.
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KOHTPOJIb MeOTUeCcKOT0 KPOCCMHTOBEPA B CeIeKIINM PacTeHUI

C.P. CtpeAbHUKOBa ®, PA. Komaxun
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AHHOTaLuA. MeloTUYeCKnii KPOCCUHrOBEP ABNAETCA OCHOBHbBIM MEXaH13MOM KOHCTPYMPOBaHUA HOBOTO asifieNlbHOro Co-
CTaBa MHAMBULYaNIbHBIX XPOMOCOM 1 HEOOXOAMM 1A PaBHO3HAYHOIO pacnpefeneHna roMoorMYHbIX XPOMOCOM MEXAY
rameTamu. CnoxumBLUMeCA B X0fe 3BOMNIOLMMN MapaMeTpbl MENOTUYECKOro KPOCCUHIOBEPa OnpeaenieHbl eCTeCTBEHHbIM OT-
60POM 1 He MOMIHOCTbIO COOTBETCTBYIOT 3aAa4aM CeNeKLMOHHBIX MCCNeRoBaHNi. B HacTosALem 0630pe CymMUpOoBaHbI pe-
3yNbTaTbl SKCNEPUMEHTasIbHbIX PaboT, HanpaBNeHHbIX Ha MOBbILIEHME YacTOTbl KPOCCOBEPOB U NepepacnpeaeneHmne nx
no3unuMin BAONb XPOMOCOM C MOMOLLbIO FeHETUYECKMX MaHUMYNALUA Ha pa3HbIX dTanax MenoTMYeckon pekoMbrHaumm.
O6cy»xaatoTcA NoCNefCTBMA UHAKTBALMMN U/UnnN cBepxaKcnpeccun reHos SPOT1, NpoAyKTbl KOTOPbIX FreHeprpyoT Melo-
TUYecKre AByLenoyeyHble paspbisbl B IHK, ana nepepacnpegeneHns no3numin KPOCCOBEPOB B reHOME PasfivyHbIX opra-
HU3MOB. O606LeHbI pe3ynbTaTbl UCCEA0BAaHUIA MO BAUAHMIO MHAKTUBALIMMN UM CBEPXIKCMPECCMM reHOB RecA-nofo6HbIX
pPEKOMOUHA3 Ha MeNOTNYECKINI KPOCCMHIOBEP, B TOM YUCTE Y KyNbTypHOro Tomata (Solanum lycopersicum L.) n ero mex-
BMAOBbIX rMOpraoB. O6CyKaloTCca NOCNEACTBUA NHAKTUBALMM KIIOUYEBbIX FTeHOB CUCTEMbI MUCMATY-penapaunm. Mx no-
[aBeHyvie NO3BOJINI0 AOCTOBEPHO MOBLICUTb YaCTOTY MENOTNYECKON PeKOMOVHaLMM MeXAY FOMEOSIoraMmn Y MeXKBULOBO-
ro rmbpupa gpox:xen Saccharomyces cerevisiae X S. paradoxus n Mexay romosioramv y pacteHuin apabuaoncuca (Arabidopsis
thaliana L.). PaccmaTpurBatoTCA NOMbITKN SKCTPANOANPOBaTb 3TV pe3ynbTaTbl Ha ApYrie BUAbI PaCTEHUI, Y KOTOPbIX OTMeYe-
Hbl CHVKEHWNE PENPOAYKTUBHBIX CBOWCTB 1 MUKPOCATENNIMTHAsA HECTaOUIbHOCTL B reHome. OTAeNbHO onvcaHbl Hanbonee
3HauYMMble Pe3ynbTaThbl MO YBEJIMUEHUIO YACTOTbl MENOTUYECKON PEKOMOUHALIMI NPY MHAKTMBaLMM FeHOB-PENPECCOPOB
KpoccuHrosepa FANCM, TOP3a, RECQ4, FIGL1 v npu cBepX3KCNpeccrm reHa-aHxaHcepa KpoccuHrosepa HEI10. B HekoTopbix
JKCNeprMeHTax yAanocb NPakTUYecKn Ha NOPAAOK NMOBbICUTb YaCTOTY MeNOTMYECKOM PEKOMOUHALMN 1 YaCTUYHO nepe-
pacnpepennTb NO3MLUM KPOCCOBEPOB BLOJIb XPOMOCOM MPU NOSIHOM COXPaHeHWM NIoJ0BUTOCTY y apabugoncurca. Cxog-
Hble pe3ynbTaTbl OblIN NOAYYEHbI AN HEKOTOPbIX CENbCKOXO3ANCTBEHHDbIX KYbTYP.

Kntouesble cnoBa: meiios; AHK; penapaums; pekombrHaums; KpOCCUHIOBEP; CeNnekLms.
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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, RADS51, 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,
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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
etal.,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 SPOI] 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 SPO/1-3 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
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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 etal., 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
organisms, 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 spo//A-mutant budding yeast lacking
their own functional SPO/! alleles, expression of the chime-
ric GAL4BD-SPO11 gene initiated additional DSBs at the
binding site of the Gal4 protein (Pecifa 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 SPOIl genes in selective breeding
work. In arabidopsis, mutations in the SPO/I-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 Spoll~~ 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 Spollf 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-W68! (spoll) mutants of the drosophila fly (Drosophila
melanogaster), expression of the native SPO// gene restores
the wild-type phenotype (Shingu et al., 2012). Expression of
the arabidopsis SPO/1-1 and SPOI1-2 genes or rice (Oryza
sativa L.) SPO11A4, SPO11B, and SPO11D genes leads to an
increase in the amount of DSB in mei-W68! 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 SPO//
genes could become a way of redistributing exchanges be-
tween homologous chromosomes.

Previously, to test this assumption, transgenic tomato plants
that express the SPO/I 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 SPO/I 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
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same time, a negative correlation was found between the ex-
pression level of the recombinant SPO1/ 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 SPOI11 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
RADS51 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 RADS]1 is not necessary for the formation of
interhomologous crossing over that confirms the preferential
role of the DMCI1 protein in this process (Cloud et al., 2012;
Da Ines et al., 2013). In arabidopsis, the RADS1 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 RADS1 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 RADS1 activity in
arabidopsis (Uanschou et al., 2013); the same is observed in
meiosis in budding yeast, in which the DMCI protein sup-
presses RADS1 activity (Lao et al., 2013). At the same time,
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in the fig/] mutants of arabidopsis, which exhibit an increased
frequency of crossover exchanges, a twofold increase in the
number of RADS1 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 RADS1 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 RADS1
and DMCI1 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 rec4 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 rec4 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 rec4 gene from E. coli under
the control of a strong and constitutive CaM V35S 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 fop3a 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 TOP3a protein, resulting in an increase of the
recombination frequency.
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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 rec4 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 recogni-
tion, is performed by homologues of prokaryotic MutS pro-
teins, viz. MSH proteins. Eight of them were described in
eukaryotes, from MSHI1 to MSHS. MSH?7 is found only
in plants (Culligan, Hays, 2000), while MSHS 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-MSH?7) (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 MSH?2 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 MSH?2 and
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MSH?7 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 MSH?2 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 MSH?2 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 MSH?2 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 MSH?2 gene expression using two different
strategies leads to numerous phenotypic anomalies and mic-
rosatellite instability in somatic potato hybrids (Rakosy-Tican
et al., 2019). RNAIi 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.
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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-
nificantly 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 RADS51 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 MshS5,
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 MUSS81
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
etal., 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 etal., 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 TOP3a (Séguéla-Arnaud et al., 2015).

Previously, the A¢1/g35530 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
Atlg35530 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 MUSS81 pathway typical to class 11
(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 x 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 x Landsberg erecta and Co-
lumbia-0 x 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
figll-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 figll-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
etal., 2015).

Recent results indicate that the effects of the fig//-1 and
fancm-1 mutations are synergistic, thus affecting different
metabolic pathways to limit crossing over. It was also found
that two figll fancm mutations in Columbia-0 x Landsberg
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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 fig// or
fancm mutants alone (1.8 and 1.2 times, respectively), con-
firming that figl// 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
DMCI1 and RADS51, 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 DMCI proteins and an in-
crease in DMCI foci in arabidopsis fig// mutants (Fernandes
etal., 2018a).

The complex of BTR (BLOOM-TOP3-RMI1-RMI2) in
humans and Sgsl-Top3-Rmil 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 TOP3a/Top3 topo-
isomerase and its cofactors (Berchowitz et al., 2007; Higgins
etal., 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: TOP3o and RMII as single genes, and
the Sgs/ homologue as two paralogous genes, RECQ4A and
RECQ4B (Séguéla-Arnaud et al., 2015, 2017). In a recent
study, arabidopsis plants carrying different fop3o mutant al-
leles were shown to make a 1.5 to 2.5-fold increase in meiotic
recombination frequency. Arabidopsis recqg4a 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 top3a 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 top3a 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 top3a 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 recqg4 mutation and the fig// 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 recg4 fig/1 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
etal., 2018). In this work, it was found that the brad.fancm-1
missense mutation in the turnip Bra4d. FANCM gene is able
to partially complement the brad.msh4-1 mutation in the
meiosis-specific Brad.MSH4 gene of the turnip, which in
turn reduces the number of bivalents in metaphase and gives
rise to univalents.

Turnip double mutants brad.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 bnad.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 fig// 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-
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satile 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
associated 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 Lands-
berg erecta ecotypes or their hybrid Columbia-0 x Landsberg
erecta significantly increases and shows a positive correla-
tion with the expression level of the HEII0 transgene. The
population of transgenic plants based on the Columbia-0 eco-
type with overexpression of the HEI1( gene contained more
than twice as many crossovers, which was revealed using the
MLHI1 protein, a marker for class I crossovers. A simultane-
ous increase in the number of copies of the HE/1( gene and
knockout of the RECQ4A4 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 HEI1( gene with suppression of the
expression of the RECQ4A4 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 FIGLI 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.
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CaHkT-TeTepbypr, Poccua
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AHHoTauua. MHoroneTHuI 3nak exa cbopHas (Dactylis glomerata L.) — ueHHan paHHAA BbICOKOMUTaTeNIbHaA KyNbTypa,
1cnosnb3yeMas B KauyecTBe 3eJIeHOr0 KopMa B CeIbCKOX03ANCTBEHHOM NPOW3BOACTBE. Bua Wwnpoko pacnpocTtpaHeH
Ha TepPUTOPUM €BPA3NINCKOTO KOHTUHEHTA, XapaKTepuU3yeTca NAaCcTUYHOCTbIO U BbICOKOW SKONIOro-reorpadriyeckoi
MN3MEHYMBOCTbIO. B cTaTbe paccmoTpeHbl MeTabonnTHble Npodunm 15 06pa3LoB exu cbopHoi U3 Konnekuun Beepoc-
CUINCKOrO UHCTUTYTa reHeTUYecKnx pecypcos pacteHuin um. H.W. Basunosa (BUP). Matepuan npeactaBneH coptamu
1 AYKopacTywMmu ¢opmMamy pasnMyHOro NPONCXoXAeHNA: eBponelnckas Yactb PO, Hopeerna n Ounnangna. Uc-
cnefioBaHye NPOBOAUIN C MOMOLLbIO Fa30-KUAKOCTHOW XpomaTorpadum, CONpPAXKEHHOW C MacC-CNeKTPOMeTpUeil.
BbinonHeHo u3yyeHre 1 cpaBHeHWe rpynn MeTabonnToB 06pa3sLoB exun COOPHOI Pa3NIMUHOro 3Kooro-reorpaduye-
cKoro nponcxoxgeHus. Cratuctmyeckas obpaboTka BKKOYaia BblUMCIEHE OCHOBHbIX NMapaMeTpOB N3MEHUMBOCTY,
$aKTOPHbIN aHanM3 cucTembl Koppenaumn (Q- n R-TexHuKa), KnacTepHbIn aHanu3 no metoay Bapaa v AUCKPUMUHAHT-
HblIiA aHann3. BbiABNEHa M3MEHUMBOCTb KONIMYECTBEHHONO U KQUeCTBEHHOIO COCTaBa NAEHTUGULIMPOBAHHbIX BELLECTB.
Ha ocHoBe cTaTncTyeckoil 06paboTKM NosTyUYeHHbIX Pe3yNbTaToB BbIAENUN MATb rpynn 06pasLoB eXu, pasnnyaio-
WMxXCcA no npoduno Metabonmtos. B ogHoM rpynne c NOXoXnm cocTaBom MeTabonMToB OKasanucb o6pasubl U3 of-
HOro 3KOoMoro-reorpadryeckoro pervoHa, B Apyrom — 06pasLibl PasfiMyHOro NpoucxoxaeHms. OTMeueHbl 3HauUTe Nb-
Hble OTINUYNA MeTaboTIOMHbIX MPoduei No3aHecnenoro AMkopacTyLiero obpasua exm n3 Kapenum B dase Bbixoga B
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TPY6KY OT paHHe- U cpefjHecnenbix 06pa3LoB B Ga3e KOMOLLEHWs: OH cofepa HanbosbLuee KONMYecTBO CBOGOAHbIX
AMVHOKMCIIOT Y HAMMEHbLLEEe YMCIIO BbIAIBNIEHHbIX MEPBUYHBIX U BTOPUYHbIX MeTabonuTtoB. [lukopacTywyuii obpasew
K-44020 13 Hopseruu B $a3e KoNoLeH s NpeB30LUeN 0CTaNbHble ANKOPACTYLLME 06pasLbl MO COAepPKaHmio CBOOOA-
HbIX aMUHOKWCIIOT, caxapoB 1 docdaTos. [iukopacTyiyme ob6pasLibl OTINYANNCH OT CENEKLUOHHBIX COPTOB BbICOKUM
COAepPKaHeM NPOJINHA U TPEOHMHA, YCTONUMBOCTBIO K HE[OCTATKY BNlaru 1 BbICOKOW TeMMepaType Bo3ayxa.

KnioueBble cnosa: Dactylis glomerata; reHeTuyeckne pecypcbl; MeTabonomHoe npodunuposaHme; nonumopdusm

NMPU3HaAKOB.

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 phenylpropanoids: 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.
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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 O- 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 Variety Origin Ripeness
Catalogue

k36566 ......... Tammlsto ...................... leand ........................ M, dd|e ......
. k36682 ......... V| K 6 1 ............................. Mo SCOW re g ,on .......... M, dd|e ......
k36684  Dvina Arkhangelsk region Middle
k38088 ......... W,|d ................................ PSkov reg, o n .............. Ear|y ..........

. k43 142 ......... W,|d ................................ Yaros |av| reg, On ......... M, dd|e ......

. k44020 ......... W,|d ................................ NorW .e.] y ....................... Ear| y ..........

. k44021 .......... W,|d ................................ Norw ; y ....................... M, dd|e ......

. k44349 ......... W,|d ................................ Lem ng rad ,. e g,on ....... M, dd|e ......

k44354 ......... W,|d ................................ Rep Ubhcof K om, ....... M, dd|e ......
k27863 Leningradskaya853 Leningrad region  Middle
k35060 ......... Neva .............................. Lenmg radr eglon ....... M, dd|e ......
k38648 Petrozavodskaya  RepublicofKarelia  Middle
k45034 Khiynovskaya Kirovregion Middle
k48628 ......... T” ada ............................. Lenmg radr eg,on ....... M, dd|e ......
”52589 ........ W,|d ................................ Rep Ubhcof K a re“a ..... 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. Materiall).
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

T Supplementary Material is available in the online version of the paper:
https://vavilovj-icg.ru/download/pict-2023-27/appx2.pdf
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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 (erythrono-1,4-lactone, 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 (Cafiete-Rodriguez 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 t0 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 etal., 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
etal., 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,
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neochlorogenic — 10.05 acids, coniferyl alcohol — 17.22 and
a-tocopherol — 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 (k-44020) (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-
lically active derivatives of sugars are lactone (glucose-1,4-
lactone), 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 anti-nutritional 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 k-44349 (wild, Leningrad region), raffinose in k-43142
(27,18; wild, Yaroslavl region); the lowest — in the wild ac-
cession i-152589 (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
(Novikov, 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

114

Metabolomic approach to investigate
Dactylis glomerata L. from the VIR collection

al., 2015; Leiva, Granados-Chinchilla, 2020). The presence
of monoacylglycerols and alkanes in plant tissues is associ-
ated with stress resistance (Solovyevaetal., 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
8.82t0 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 k-35060 (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, B-sitosterol) were detected as well — 34.09 CU
(range from 15.92 to 53.70) (see Suppl. Material). Among
phytosterols, B-sitosterol prevailed (24.57 CU). In addition, the
phosphate forms of glycerol and inositol, and the products of
glycerophospholipid metabolism (glycerol-5-phosphate, myo-
inositol-2-phosphate, 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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Fig. 1. Average determination of groups of metabolites by the first four principal components of variation.

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 = 72, and ris 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 associated 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, methyl-inositol, and sterol B-stigmasterol

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. 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).

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
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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 late-maturing
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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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-
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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 aresult 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 (i-152589, k-27863, 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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Alkaloid content variability in the seeds
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under the conditions of the Russian Northwest
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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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MN3MeHUIBOCTH COAepPrKaHVs a/IKaJIONI0B
B ceMeHaXx JIOMMHA V3KOJIMCTHOIO V 00pa31i0oB KoieKuu BU1P
B ycioBusaxX CeBepo-3araga Poccuiickoim demepalinum

M.A. Bumnsikosa @, A.B. Caaukosa, T.B. Illeaenra, I.IT. Eroposa, A.}O. HoBukoBa

DepepanbHbii NCCefoBaTENbCKUIA LLEHTP BCepoccuincknii MIHCTUTYT reHeTUYeCKrX pecypcoB pacTeHuii um. H./. Basunosa (BUP), CaHkT-MNeTtepbypr, Poccus
® m.vishnyakova.vir@gmail.com

AHHOTauus. V3ydanu cofepaHue anKkanoungoB B CeMeHax IONUHA Y3KONCTHoro (Lupinus angustifolius L.) y 59 obpas-
LoB 13 Konnekuun BUP B ycnoBusix JleHMHrpagckoi o6nactu. B BbIGOpKy 6blin BKIIOUYEHbI 06pasLibl pa3HOro cTaTyca
(avkne Gopmbl, CTapOMECTHbIE COPTA, COPTA HAYYHOWN CENEKLMM) U Pa3fIMYHbIX JIET NOCTYNNEHWsA B KONNeKuumo. Anka-
noviabl onpesenany METOAOM ra30XKMAKOCTHOM XpoMaTorpadum, CONPsXKEHHON C Macc-cnekTpomeTpuen. Onpegene-
Hbl KOHLIEHTPALUM OCHOBHbIX anKanonaoB B CEMeHax: IIonaHuHa, 13-rmapoKcuionaHmHa, CnapTenHa, aHrycTudonmHa,
M30M0NaHnHa 1 NX CyMmapHoe coaepaHue. BoiaBneHHana n3MeHUBOCTb CyMMapHOro COAePXKaHNA ankanonaos B ce-
MeHax n3yyaemoli Bblbopku coctaBnana 0.0015-2.017 %. B 6onblumHCTBE C/lyyaeB 3HauyeHve Npu3Haka COOTBETCTBYET
cTaTycy obpasua: copTa COBPEMEHHOWN CeneKLun, 3a NCKIIOUYEHNEM CAEPAbHbIX, BXOAAT B rPYMMy C NoKasaTensamm
0.0015-0.052 %, B TO Bpemsi KaK CTapble, MECTHble copTa 1 AnKre GopMbl UMmetoT 3HaueHna 0.057-2.17 %. XapakTep-
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Alkaloid content variability
in the seeds of narrow-leafed lupine

HO, YTO KO BTOPOW rpynne OTHOCATCA NpeumMyLLecTBeHHO o6pasLibl, NOCTynaBLune B Konnekumo fo 1950-x rr., T.e. Ao
nepvofa akTMBHOW cenekumy H1M3KoankanonaHbix coptoB. OTMeYeHa CuibHasa MeXrofoBas M3MEHYMBOCTb MPM3HaKa
y 06pasLoB, BbIpalLMBaEMbIX B OAHMX W TeX »Ke MOYBEHHO-KNMMATUYECKUX YCIIOBUAX B TeyeHne AByx NieT. B 2019 r.
B CpefHeM No BblIbOpKe coflepKaHune ankanoraos 6b1o B 1.9 pasa Bbiwe, yem B 2020 r. AHanU3 NOrogHbIX YCNoBUiA
BereTalMn no3BosifaeT NPefnosioXnTb, YTO CHUXKEHNE CofilepKaHNA anKkalonaoB NPOK30LWO 3a CYET 3HaUYNTENbHOMO
yBenimyeHna cymMmmbl ocagkoB B 2020 r. [Npu nouncke cBA3en coaep*aHnA ankanonaos ¢ Tunom 606a (He BCKpbiBatOLWMA-
cs1 6e3 06MONIOTa — KyNbTYPHbIN, CMIOHTAHHO BCKPbIBAOLWMINCA — AUKWI 1 TPOMEXKYTOUHBIN) HabioAaeTcs TeHAEHUMA K
60ree BbICOKOMY (MpriMepHO B 2 pasa B 0ba roaa nccnefoBaHus) CyMMapHOMY COAEPKaHuIo ankanougos y o6pasuos
C AUKMM TUNOM 606a 1 NPUGAVMKEHHBIM K HEMY MPOMEXYTOUYHbIM MO CPaBHEHMIO C HE BCKpbIBawLWmmcsa 6e3 obmonoTa
6060M. CBA3b CPeHEro CYMMapPHOrO COAEpP»KaHMA ankanonaos C OKPACKON CeMEeH, CBEAEHHOMN K TPEM KaTeropuam
(TeMHan — fuKan, CBeTNan — KynbTypHasa 1 NPOMeXyTouHas), Oblna JOCTOBEPHO BbliLle Y FPYNibl C TEMHbIMY CEMEHaMM:
B 5.2 pa3aB2019r. 1B 3.7 pa3a B 2020 r. He 06HapyXeHO JOCTOBEPHbIX PA3NUNIA NPOLIEHTHOIO CofepXaHnA oTae N b-
HbIX a/IKaJIOVA0B B 06LLEel CyMMe anKanoufoB Kak Mexay rofammn NCCnejoBaHus, Tak v MexXay rpynnamMu ¢ passinyHbim
TNom 606a 1 € pa3HOI OKPACKOWN CEMEHM.

KnioueBble cflioBa: NIIOMUH Y3KONCTHBIN; ankanougbl; NpU3Haku AOMECTUKaLUMKW; CMOHTAHHO BCKpbIBalOWMNCA 606;

HeBCKpblBatoLWmincsa 606; OKpacka cemeHu.

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 (Swiccicki W., Swigcicki W.K.,
1995; Brummund, Swiqcicki, 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-
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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 /e (lentus)
and fa (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 spontaneous 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.

Materials and methods

Material. A set of 59 narrow-leafed lupine accessions from
the VIR collection (Supplementary Material)!, grown in the
experimental 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 °C in 2019, and 2052 °C
in 2020. Precipitation amounts for the period with tempera-
tures above 10 °C 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 um) 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-

T 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 um). 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 pL,
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 pg/uL) 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
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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 ¢-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

Alkaloid content variability
in the seeds of narrow-leafed lupine

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 1. 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 #-test for dependent samples was
p =10.009). 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);1: 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, Hin 13, Sin 12, Ain9,
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

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 ....................... Mm .................. Max ................. Mean ....................... Mm .................. Max ................

Tota|a|ka|o|ds ....................... mg“OOgDW ........ 5017i807 .............. 40 ................ 20174 .............. 2636i386 .............. 17 .................. 8988 ..............

Lupanme ............................... mg”oogDW ........ 38971625 .............. 3115730 .............. 2034i298 .............. 14 ................. 7290 ..............

% ............................... 781104 .............. 731854 ................ 778i05700 .................... 843 ..............

13_Hydroxy|upamne ............ mg“oogDW .......... 590i101 ............... 03 .................. 2732 ................ 313i48 ................ 0 1”55 ..............

%115104 ................ 64 ..................... 1 72117104 ................ 6 7172 ..............

Sparteme ............................... mg“oogDW .......... 419i69 ................ 021734 ................ 230i36 ................ 0 1 .................... 852 ..............

% ................................. 82i03 ................ 44 ..................... 1 20 .................. 83i0240126 ..............

Angustlfo“ne ........................ mg“oogDW ............ 68i12 ................ 01354 .................. 36i06 ................ 0 0150 ..............

%13+01 ................. 072013i01 ................. 0 7 ....................... 1 9 ..............

|So|upanme ........................... mg“OOgDW ............ 44i08 ................ 00238 .................. 24i04 ................ 0 093 ..............

% ................................. 09100 ................ 05 ....................... 14 .................. 09100 ................ 0 5 ....................... 1 3 ..............
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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
23.2mg/100 gDW (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: 11.5and 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 gDW 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
variability 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 ata 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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Fig. 3. The types of narrow-leafed lupine pods according to their ability to dehisce spontaneously.

Pod type designations: 7 — wild; 2 — intermediate; 3 - cultivated (nondehiscent without threshing).

Table 2. Total content of alkaloids in the groups of lupine accessions with different pod types

Number
of accessions

Pod type

2019 2020

2200

2000 + —
1800
1600 -
1400 - l
1200 -
1000 |

800 | u

Total alkaloid content

600

400 -

200 u

ik :

1 2 3 1 2 3
Pod type

Fig. 4. Total alkaloid content in lupine groups with different pod types
in 2019 and 2020.

Pod type designations: 7 - wild; 2 - intermediate; 3 - cultivated.
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H (p =0.0606), 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 (p = 0.074).
For A and 1, 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 2019 2020

OF ACCESSIONS e
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 43 898.8

Light 11 1259+88.3 53 975.2 90.6+61.0 29 648.4
Total 45 523.6+96.9 53 2017.4 274.6+46.2 29 898.8
significant differences were recorded between the groups 2019 2020
contrasting in seed color (dark and light) during the period of 2200
research (p > 0.237). Thus, lupine accessions with different 2000

seed coat colors significantly differ from each other in the total 1800 |

content of alkaloids, while their alkaloid composition can be 1600 1
recognized as constant. S

£ 1400 |
. . S

Discussion T 1200¢

The analysis of alkaloid content in narrow-leafed lupine seeds s 1000 }

from the VIR collection disclosed high variability of this é 800 -

character. In the selected set of 59 accessions, there were ge- & -

notypes with minimum (0.0015 %) and maximum (2.017 %) 600 ¢

values of this indicator: Cv. Danko from Belarus (k-2949) and 400 . .

an Australian breeding line (k-3623), respectively. The acces- 200 -

sions were divided into two groups according to their alkaloid oL =]

1 2 3 1 2 3

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-
kaloid genotypes in the group of wild accessions where the
range of this character was 0.0163-2.8752 % DW. Contrari-

Seed color

Fig. 5. Total alkaloid content in lupine groups with different seed colors
in 2019 and 2020.

Seed color group designations: 7 - dark-seeded; 2 - intermediate; 3 - light-
seeded.

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
environmental impacts than others (Gremigni et al., 2001;
Cowling, 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; Szabo 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-
wichter, 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 (Kleinwachter
et al., 2015; Kleinwéchter, 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-
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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 Ist 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 significant 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
conditions 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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DNA marker identification of downy mildew resistance
locus Rpv10 in grapevine genotypes
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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 russkaya was also clarified.

Key words: Vitis sp.; target alleles; Plasmopara viticola; DNA fingerprinting.
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OHK-MapkepHas uaeHTU@UKaILNs JIOKYCa YCTOMUYMBOCTI
K MIIabI0 Rpv1(0 B reHOTHUIIaX BMHOTrpaga
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AHHoTayusA. Munabio — 0fHO 13 Harbornee PacnpPOCTPaHEHHBIX U BPeAOHOCHbIX 3a601eBaHNiA BUHOMPAAHOW 1103bl, BO36Y-
autenem Kotoporo cuutatoT Plasmopara viticola. Copra Vitis vinifera, BbicTynas oCHOBOW BbICOKOKaueCTBEHHOIO BUHOMPa-
[apcTBa, NPaKTMYeCKn He 06/1afatoT reHeTUYECKOM YCTOMUYMBOCTBIO K MUNIAbLIO. [eHOTVNbI, UMetoLLVie MPUPOAHYIO YCTON-
4YMBOCTb K MopaxeHuto P, viticola, npuHagnexat Buaam BuHorpaaa CesepHont Amepukn n Asum (V. aestivalis, V. berlandieri,
V. cinerea, V. labrusca, V. amurensis v pp.), a Takxe K Muscadinia rotundifolia. o 3To npuunHe co3paHre COPTOB BMHOrpaja
C MOBBILEHHON YCTONUMBOCTbIO K MaTOreHy 0CHOBAHO Ha MEXXBUAOBOW rnbpransaumm. B HacTosee BpeMsa MOneKynspHo-
reHeTMYeCcKne MeTofbl aHann3a BCe akTUBHEe MCMOsb3YyIoT Ha 3Tanax npeacenekuMoHHON paboTbl 1 HEMOCPEACTBEHHO B
cenekummn. OfiH 13 KPYMHbIX TOKYCOB YCTONUMBOCTY K MUNAbIO — reH Rpv 10 — BnepBble MAeHTUOULMPOBaH B COPTE MEXBN-
noBoro npoucxoxgeHua Conaprc 1 n3HayanbHO NPOUCXOANT OT [MKOro aMypCKoro BMHorpaga. M3sectHol IHK-mapkepbl
[laHHOTO reHa, No3BoNALLME AeTeKTMPOBaTb Hannume Rpv10 B reHoTUNax BuHorpaga. Metogom MNLIP-aHanu3a BbinonHeH
NMOWCK JOHOPOB reHa yCTONUYMBOCTY Cpeay reHoTnoBs 30 COPTOB BUHOMPaAa, KOTOpble, COFTaCHO POAOCIIOBHbBIM, MO/ Obl
HecTu reH Rpv10. PaboTa BbIMOSIHEHA C MCMOMIb30BAHMEM aBTOMATMYECKOTO FrEHETMYECKOrO aHann3aTopa, Yto No3BosseT
nosyyaTb BbICOKOTOUHblE AaHHble. Mo pesynbratam IHK-mapkepHoro aHanusa B 10 reHOTUNax BUHOrpaja BbIABNEHO Ha-
nuune annenu reHa Rpv10, onpepenswoLwe yCTOMYMBOCTb K BO3OYANUTEN0 MUNAbIO. BbINONIHEHO reHOTUNMpPOBaHKe cop-
TOB BUHOrpaja, B KOTOPbIX 06Hapy»keH Rpv10, C NOMOLUbIO WeCTN CTaHAapTHbIX Ana JHK-npodunuposaHus BrHorpaaa
SSR-mapkepoB. [JHK-mMapKepHbI aHanu3 nokasan Hanvumne annenu yctonuymeocTn y copta KopuHka pycckas, KoTopblii, Mo
06LefoCTyNHbIM JaHHbIM, ABAAETCA NOTOMKOM copTa 3apsa CeBepa, He obnapatowmnm reHom yctonumsoctn Rpv10. C uc-
Nnosnb30BaHMeM aHanm3a nonarmMmopdUMa MMKPOCATENTUTHBIX JIOKYCOB 1 6a3bl fAaHHbIX VIVC yTouHeHa poAoC/ioBHas Cop-
Ta BUHOrpaga KopuHka pycckas. YcTaHoBMeHo, uTo KoprHKa pycckasa npoucxoamt ot copta CeBepHbIi — AOHOPa JIOKyca
yctonumsoctn Rpv10.

Kntouesble cno.a: Vitis sp.; uenesble annenw; Plasmopara viticola; QHK-npodunnposaHue.
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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 etal., 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-Garcia 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 RpvI0 (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 x 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 x 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
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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.l. 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 Rpvi0 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 pl containing about 50 ng
of genomic DNA, 1.5 units of Tag-polymerase (SibEnzyme,
Russia), 1X Tag-polymerase buffer (SibEnzyme, Russia),
2 uM of MgCl, (SibEnzyme, Russia), 0.2 uM of each dNTP
(SibEnzyme, Russia) and 200 pM 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
RpvliOresistance 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, VVMDS5, VVMD7, VVMD25,
VVMD27, VVMD28, VVMD32, ViZAG62 and VIZAG79)
was used for DNA fingerprinting of cultivars (This et al.,
2004; This, 2007). Forward primers were labeled as follow:
FAM (VVS2, VDMD27, VrZAG62), TAMRA (VVMDS5,
VVMD25,VVMD28, VVMD32), R6G (VVMD7, ViZAG79).
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,
VVMDS, VVMD7, VVMD27; 58 °C — VIZAG62, ViZAG79;
60 °C - VVMD?25, VVMD?28, VVMD32) and 40 s extension
at 72 °C; final extension of 3 min at 72 °C. To clarify the size

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 2



E.T. UnbHunukana, M.B. MakapKkrHa
C.B. Tokmakos, J1.I. HaymoBa

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: Augusta, Golu-
bok, Denisovskiy, Dimatskun, Korinka russkaya, Morozko,
Saperavi 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 RpvI0 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 Rpv/0 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 Rpv/0 in grape cultivars

2023
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Augusta, 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-
ravi 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 Rpv/0 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

G|:0944G|:0946GF0947 ............................................
Avgustaz30 ........................ 2 42416423296299 ......................
Go|ubok230_416_296299 ......................
Demsovsk,yzg,o ........................ 2 43 ........................ 3 95416296299 ......................
D|matskun230 ........................ 2 42415423296299 ......................
KorlnkarUSSkaya230 ........................ 2 42416423296299 ......................
MorOZkOBO ........................ 2 42416423296299 ......................
Sapera\,,sevemy,BO ........................ 2 43395416296299 ......................
Stan,chny,230_407416290299 ......................
F,o|etovy,rann,y230 ........................ 2 44416_296299 ......................
CvetOChnleo ........................ 2 36394416296299 ......................

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

DNA marker identification of downy mildew
resistance locus Rpv10 in grapevine genotypes

Cultivar Pedigree

Avgusta SV 12-309 x Kazachka (Kazachka-1 x Fioletovyi ranniy
(Severnyix Muscat Gamburg)

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

Denisovskiy Severnyix pollen mix of muscat cultivars (Muscat
a petits grains blancs, Muscat fleur d'oranger,
Muscat of Alexandria)

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

Korinka Zarya-Severa Severnyi x Kishmish chernyi

russkaya

Morozko Mitsar x Saperavi severnyi (Severnyix Saperavi)

Saperavi Severnyix Saperavi

severnyi

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

Fioletovyi  Severnyix Muscat Gamburg

ranniy

Cvetochnyi  Severnyix pollen mix of muscat cultivars (Muscat

a petits grains blancs, Muscat fleur d'oranger,
Muscat of Alexandria)

Originator (institution, country)

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

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

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

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

North Caucasian Federal Scientific Center for Horticulture, Viticulture,
Winemaking, Russia

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

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

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

Ya.l. 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  VrIZAG62  VrZAG79
Cabernet Sauvignon 139 234 239 239 176 234 240 188 247

151 242 239 249 190 236 240 194 247
Zarya Severa 135 238 247 255 195 236 242 200 249

139 240 249 271 195 244 272 204 251
Korinka russkaya 135 236 241 245 182 218 240 184 247

155 238 253 255 184 244 250 188 255
Severnyi (VIVC) 129 238 241 237 182 244 237 184 255

135 238 247 255 184 252 240 204 259

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

cus of Korinka russkaya cultivar. However, in five (VVMD?7,
VVMD27, ViZAG62, ViZAG79, VVMD32) out of nine
studied SSR loci, these cultivars do not have common alleles
(see Table 3).

Most likely, RpvI0 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
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(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, VVMDS5, VVMD?7,
VVMD?27, ViZAG62 and VrIZAG79 SSR loci of cultivars, in
which RpvI10 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,
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Table 4. DNA profiles of grape cultivars with detected Rpv10 locus
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[HK-mapkepHas naeHTUPrKaLmMa NOKyca ycToNnymBoCTr
K Mmungbto Rpv10 B reHOTMMNAx BUHOTpaga

Cultivar Alleles of SSR loci, base pair
VVS2 VVMD5 VVMD7 VVMD27 VrZAG62 VrZAG79
Cabernet Sauvignon 139 234 239 176 188 247
151 242 239 190 194 247
Pinot noir 137 230 239 186 188 239
151 240 243 190 194 245
Avgusta 133 228 237 180 180 255
133 238 249 190 186 261
Golubok 129 238 239 182 184 255
133 248 241 184 188 259
Denisovskiy 135 236 245 184 202 243
137 238 247 190 204 255
Dimatskun 133 238 241 182 188 243
135 240 249 184 196 247
Morozko 129 226 247 182 202 247
143 238 249 190 204 255
Saperavi severnyi 129 226 239 182 200 243
133 238 247 192 204 255
Stanichnyi 135 238 233 184 188 255
139 266 243 188 196 259
Fioletovyi ranniy 129 234 241 180 184 255
149 238 249 182 186 259
Cvetochnyi 133 230 233 180 196 255
135 238 247 184 204 255

Dimatskun, Korinka russkaya, Morozko, Saperavi severnyi,
Stanichnyi, Cvetochnyi and Fioletovyi ranniy can be used in
breeding as donors of Rpv/0. Also, all 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. RpvI0 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 Rpvi0 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.

References

Abuzov M. Atlas of Northern Grapes. Smolensk: KFH Pitomnik Publ.,
2009. (in Russian)

Alleweldt G., Possingham J.V. Progress in grapevine breeding. Theor:
Appl. Genet. 1988;75:669-673. DOI 10.1007/BF00265585.

CENIEKLMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

Bellin D., Peressotti E., Merdinoglu D., Wiedemann-Merdinoglu S.,
Adam-Blondon A.F., Cipriani G., Morgante M., Testolin R., Di Gas-
pero G. Resistance to Plasmopara viticola in grapevine ‘Bianca’
is controlled by a major dominant gene causing localised necrosis
at the infection site. Theor. Appl. Genet. 2009;120:163-176. DOI
10.1007/s00122-009-1167-2.

Bhattarai G., Fennell A., Londo J.P., Coleman C., Kovacs L.G. A novel
grape downy mildew resistance locus from Vitis rupestris. Am. J.
Enol. Vitic. 2020;2:12-20. DOI 10.5344/ajev.2020.20030.

De Mattia F., Imazio S., Grassi F., Baneh H.D., Scienza A., Labra M.
Study of genetic relationships between wild and domesticated grape-
vine distributed from middle east regions to European countries.
Rend. Lincei. 2008;19:223-240. DOI 10.1007/s12210-008-0016-6.

Di Gaspero G., Copetti D., Coleman C., Castellarin S.D., Eibach R.,
Kozma P., Lacombe T., Gambetta G., Zvyagin A., Cindri¢ P., Ko-
véacs L., Morgante M., Testolin R. Selective sweep at the Rpv3 lo-
cus during grapevine breeding for downy mildew resistance. Theor:
Appl. Genet. 2012;124(2):277-286. DOI 10.1007/s00122-011-1703-8.

Divilov K., Barba P., Cadle-Davidson L., Reisch B.I. Single and mul-
tiple phenotype QTL analyses of downy mildew resistance in in-
terspecific grapevines. Theor. Appl. Genet. 2018;131(5):1133-1143.
DOI 10.1007/s00122-018-3065-y.

Eibach R., Zyprian E., Welter L., Topfer R. The use of molecular mar-
kers for pyramiding resistance genes in grapevine breeding. Vitis.
2007;46(3):120-124. DOI 10.5073/vitis.2007.46.120-124.

Fu P, Wu W, Lai G, Li R., Peng Y., Yang B., Wang B., Yin L., Qu J.,
Song Sh., Lu J. Identifying Plasmopara viticola resistance Loci in
grapevine (Vitis amurensis) via genotyping-by-sequencing-based
QTL mapping. Plant Physiol. Biochem. 2020;154:75-84. DOI
10.1016/ j.plaphy.2020.05.016.

Ilnitskaya E., Tokmakov S., Makarkina M., Suprun I. Identification of
downy mildew resistance genes Rpv/(0 and Rpv3 by DNA-marker

133



E.T. lInitskaya, M.V. Makarkina
S.V. Tokmakov, L.G. Naumova

analysis in a Russian grapevine germplasm collection (Conference
Paper). Acta Hortic. 2019;1248:129-134. DOI 10.17660/ActaHortic.
2019.1248.19.

Lin H., Leng H., Guo Y., Kondo S., Zhao Y., Shi G., Guo X. QTLs and
candidate genes for downy mildew resistance conferred by inter-
specific grape (V. vinifera L.x V. amurensis Rupr.) crossing. Sci.
Hortic. 2019;244:200-207. DOI 10.1016/j.scienta.2018.09.045.

Ochssner 1., Hausmann L., Topfer R. Rpvi4, a new genetic source for
Plasmopara viticola resistance conferred by Vitis cinerea. Vitis.
2016;55:79-81. DOI 10.5073/vitis.2016.55.79-81.

Possamai T., Migliaro D., Gardiman M., Velasco R., De Nardi B.
Rpv mediated defense responses in grapevine offspring resistant to
Plasmopara viticola. Plants. 2020;9(6):781. DOI 10.3390/plants
9060781.

Riaz S., Tenscher A.C., Ramming D.W., Walker M.A. Using a limited
mapping strategy to identify major QTLs for resistance to grapevine
powdery mildew (Erysiphe necator) and their use in marker-assisted
breeding. Theor. Appl. Genet. 2011;122:1059-1073. DOI 10.1007/
s00122-010-1511-6.

Rogers S.0O., Bendich A.J. Extraction of DNA from milligram amounts
of fresh, herbarium and mummified plant tissues. Plant Mol. Biol.
1985;19:69-76. DOI 10.1007/BF00020088.

Ruiz-Garcia L., Gago P., Martinez-Mora C., Santiago J.L., Fernadez-
Lopez D.J., Martinez M.D.C., Boso S. Evaluation and pre-selection
of new grapevine genotypes resistant to downy and powdery mil-
dew, obtained by cross-breeding programs in Spain. Front. Plant
Sci. 2021;12:674510. DOI 10.3389/fpls.2021.674510.

Sapkota S., Chen L.L., Yang S., Hyma K.E., Cadle-Davidson L.,
Hwang C.F. Construction of a high-density linkage map and QTL
detection of downy mildew resistance in Vitis aestivalis-derived
“Norton”. Theor. Appl. Genet. 2019;132:137-147. DOI 10.1007/
s00122-018-3203-6.

ORCID ID

E.T. linitskaya orcid.org/0000-0002-2446-0971
M.V. Makarkina orcid.org/0000-0002-3397-0666
S.V. Tokmakov orcid.org/0000-0002-2092-7757
L.G. Naumova orcid.org/0000-0002-5051-2616

Conflict of interest. The authors declare no conflict of interest.

Received June 17, 2022. Revised August 30, 2022. Accepted August 30, 2022.

DNA marker identification of downy mildew
resistance locus Rpv10 in grapevine genotypes

Sargolzaei M., Maddalena G., Bitsadze N., Maghradze D., Bianco P.A.,
Failla O., Toffolatti S.L., De Lorenzis G. Rpv29, Rpv30 and Rpv31I:
three novel genomic loci associated with resistance to Plasmopa-
ra viticola in Vitis vinifera. Front. Plant Sci. 2020;11:1537. DOI
10.3389/1pls.2020.562432.

Schwander F., Eibach R., Fechter 1., Hausmann L., Zyprian E., Tép-
fer R. RpvI0: a new locus from the Asian Vitis gene pool for pyra-
miding downy mildew resistance loci in grapevine. Theor. Appl.
Genet. 2012;124:163-176. DOI 10.1007/s00122-011-1695-4.

This P., Jung A., Boccacci P., Borrego J., Botta R., Costantini L., Cres-
pan M., Dangl G.S., Eisenheld C., Ferreira-Monteiro F., Grando S.,
Ibafiez J., Lacombe T., Laucou V., Magalhaes R., Meredith C.P., Mi-
lani N., Peterlunger E., Regner F., Zulini L., Maul E. Development
of a standard set of microsatellite reference alleles for identification
of grape cultivars. Theor. Appl. Genet. 2004;109:1448-1458. DOI
10.1007/s00122-004-1760-3.

This P. Microsatellite markers analysis. In: Minutes of the First Grape
Gen06 Work-shop March 22nd and 23rd, INRA, Versailles (France).
2007;3-42.

Venuti S., Copetti D., Foria S., Falginella L., Hoffmann S., Bellin D.,
Cindri¢ P., Kozma P., Scalabrin S., Morgante M., Testolin R.,
Di Gaspero G. Historical introgression of the downy mildew resis-
tance gene Rpv12 from the Asian species Vitis amurensis into grape-
vine varieties. PLoS One. 2013;8:¢61228. DOI 10.1371/journal.
pone.0061228.

Wan Y., Schwaninger H., He P., Wang Y. Comparison of resistance to
powdery mildew and downy mildew in Chinese wild grapes. Vitis.
2007;46:132-136. DOI 10.5073/vitis.2007.46.132-136.

Zini E., Dolzani C., Stefanini M., Gratl V., Bettinelli P., Nicolini D.,
Betta G., Dorigatti C., Velasco R., Letschka T., Vezzulli S. R-loci
arrangement versus downy and powdery mildew resistance le-
vel: a Vitis hybrid survey. Int. J. Mol. Sci. 2019;20(14):3526. DOI
10.3390/ijms20143526.

134 BaBunoBcKuii XXypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 2



CENEKUMA PACTEHUA HA UMMYHWUTET U NPOAYKTUBHOCTb BaBuUnoBcKuii XypHan reHeTrkm n cenexkumm. 2023;27(2):135-145

OpuruHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-23-19

Stability analysis for seed yield of chickpea (Cicer arietinum L.)
genotypes by experimental and biological approaches

R. Karimizadeh!, P. Pezeshkpour?, A. Mirzaee3, M. Barzali4, P. Sharifi® @, M.R. Safari Motlagh®

T Kohgiloyeh and Boyerahmad Agricultural and Natural Resources Research and Education Center, Dryland Agricultural Research Institute,
Agricultural Research, Education and Extension Organization (AREEO), Gachsaran, Iran

2 Lorestan Agricultural and Natural Resources Research and Education Center, Agricultural Research, Education and Extension Organization (AREEO),
Khorramabad, Iran

3llam Agricultural and Natural Resources Research and Education Center, Agricultural Research, Education and Extension Organization (AREEO), [lam, Iran

4 Golestan Agricultural and Natural Resources Research and Education Center, Agricultural Research, Education and Extension Organization (AREEO),
Gonbad, Iran

> Department of Agronomy and Plant Breeding, Rasht Branch, Islamic Azad University, Rasht, Iran

6 Department of Plant Protection, Rasht Branch, Islamic Azad University, Rasht, Iran

® Peyman.sharifi@gmail.com and sharifi@iaurasht.ac.ir

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; HMRPGYV; factorial regression (FR); mixed models; partial least squares regression (PLSR); simultane-
ous selection index (ssi).

For citation: Karimizadeh R., Pezeshkpour P, Mirzaee A., Barzali M., Sharifi P, Safari Motlagh M.R. Stability analysis for
seed yield of chickpea (Cicer arietinum L.) genotypes by experimental and biological approaches. Vavilovskii Zhurnal
Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(2):135-145. DOI 10.18699/VJGB-23-19

AHaJn3 CTabMJIBHOCTYU YPOXKATHOCTU
ceMsIH reHOTUIIOB HyTa (Cicer arietinum L.)
C TIOMOIIIBI0 3KCIIePUMEHTAJIbHbBIX U O110JIOTMUYECKMX ITOIX0I0B

P. Kapumusapel, IT. ITesemxmyp?, A. Mupsan®, M. Bapzaan?, IT. lllapudu® @, M.P. Cadapu MoTaax®

" LlenTp nccnepoBaHuii 1 06pa3oBaHnA B 0611aCTI CeNbCKOTO X03ANCTBA 11 NPUPOAHBIX pecypcos Koxrunoe 1 Boiiepaxmar,
VNHCTUTYT CenbCKoX03ANCTBEHHbIX NCCNe[0BaHWI 3acCyLUNNBbIX 3eMerb, OpraHn3aumna CenbCKOXO3ANCTBEHHbIX CCIEA0BaHNINA,
obpasoBaHA 1 pacnpocTpaHeHus 3HaHnii (AREEO), faucapaH, MpaH

2 JlopecTaHcKuin LLeHTp nccneaoBaHnin 1 06pa3oBaHNA B 0651aCTy CeNTbCKOro XO3ANCTBA Y NPUPOAHBIX PeCypCoB,

OpraHu3aLma cenbCKOX03ANCTBEHHbIX MCCef0BaHNI, 06pa3oBaHnA U pacnpocTpaHeHna 3HaHui (AREEO), Xoppamabag, MpaH

3 Vinamckuin LIeHTP nccneoBaHni 1 06pa3oBaHNA B 061acTh CENbCKOro XO3ANCTBA 1 NPUPOAHBIX PECYPCOB,

OpraHu3aLma cenbCKOX03ANCTBEHHbIX NCCef0BaHNI, 06pa3oBaHMA U pacnpocTpaHeHna 3HaHui (AREEO), Unam, Vipax

4 TonectaHckuin LIEHTP MCCneoBaHni 1 06pa3oBaHNA B 061aCTh CENbCKOTO XO3ANCTBA 1 NPUPOAHBIX PECYPCOB,
OpraHu3auma cenbCKOX03ANCTBEHHbIX NCCef0BaHNI, 06pa3oBaHWA U pacnpocTpaHeHna 3HaHui (AREEO), Tonb6apa, VipaH

5 Kadepnpa arpoHomun 1 pacteHneBopacTsa Pawitckoro ¢dunvana Micnamckoro yHnsepcuteta Asag, Pawr, MpaH

6 Kadbeppa 3aLLmThi pacTeHWi CeNbCKOXO3ANCTBEHHOTO haky/nbTeTa PaluTckoro dunana Mcnamckoro yHusepcuteta Asag, Pawr, VpaH
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AHHoTayumA. Pag GakTopoB OKpy»KaloLLen cpefibl OrpaHMYMBaOT NPOU3BOACTBO HYTa, MOSTOMY UCCIIeJlOBaHNE COPTOB
B Pa3fIMYHbIX Cpefax ABMAETCA BaXKHOW COCTaBNAOLWEN cenekUMOoHHbIX nporpamm. Llenb npegcraBneHHoro nccneno-
BaHUA 3aK/t0Yanach B MOVCKe BbICOKOYPOXKaHbIX 11 YCTONYMBBIX K YCIOBMSIM 6OrapHOro 3emiefenns reHOTUMOB HyTa.
YeTbipHaAUaTb NEPCNeKTUBHbBIX FTEHOTUMOB HyTa C ABYMA KOHTPOJSIbHbIMY COPTaMM BblpalleHbl B PaHAOMU3MPOBaH-
HOM MofTHOM GakTOPHOM 3KCMEPUMEHTe B YeTbipex pervoHax MpaHa B BeretaymoHHble nepuogpl 2017-2020 rr. lNep-
Bble [1Ba MMaBHbIX KOMMOHeHTa 06bACHAT 84.6 1 10.0 % reHoTVNa B3aUMOAENCTBUAMM C OKpY»KatoLeln cpepon (GEI)
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Stability analysis for seed yield of chickpea (Cicer arietinum L.)
genotypes by experimental and biological approaches

COOTBETCTBEHHO. JIyULIMUN reHOTMNaMn Ha OCHOBE MHAEKCOB ofiHOBpeMeHHoN cenekumm ASV (ssiASV), ssiZA, ssiDin
ssiWAAS ctann G14, G5, G9 n G10, Ha ocHoBe ssiEV n ssiSIPC — G14, G5, G10 n G15, Ha ocHoBe ssiIMASV - G14, G5, G10
n G15. Pesynbtatel AMMIT-6unnoT-aHanmsa nossonunu ngeHtnouumposatb G5, G12, G10 n G9 Kak ctabunbHble 1
BbICOKOYpPOXaliHble reHoTumbl. Mo fgaHHbIM mogenn AMMI2-6vnnoT Hanboree cTabunbHLIMK ONpeaeneHbl FeHOTUMbI
G6, G5, G10, G15, G14, G9 n G3. Ha ocHOBe rapMOHNYECKOTO CPeAHero U OTHOCUTENbHOM 3GPeKTUBHOCTU reHOTUMNN-
yecknx 3HaveHun (HMRPGV) G11, G14, G9 n G13 oTMeueHbl Kak yeTbipe nyywmnx reHotuna. GakTopHaa perpeccus
noKasasa, UTo KoJIM4YeCTBO OCafIKOB KpalHe BaXKHO B Hauane 1 KoHLe BeretayMoHHoro nepuopa. lreHotun G14 npope-
MOHCTPUPOBaJ XOPOLLYIO YPOXKANHOCTb 1 CTabUILHOCTb BO MHOTMX Pa3fiMUHbIX YCIIOBUAX CPeAbl U NpY NCNOMNb30Ba-
HUW BCEX aHANIUTUYECKMX U SKCMePUMEHTaNbHbIX MOAX0A0B. MeTofoM YaCcTUYHOW perpeccmn HavMeHbLUVX KBaJpaToB
reHoTVn G5 6bl1 MAEHTUOULMPOBaH Kak Hanbosee yCTONUMBDIN K HE6NAronPUATHLIM YCIOBUAM — KaK MO BNaXKHOCTU,
Tak 1 no Temnepatype. CnegosatenbHo, G14 1 G5 MoryT 6bITb KaHAMAATaMY AS1A UHTPOAY KLU HOBbIX COPTOB.
Kntouesble cnoBa: AMMI; HMRPGV; pakTopHas perpeccus (FR); cMellaHHble MOAeny; YaCcTUUYHan perpeccms HaumeHb-
wux kBagpaToB (PLSR); nHaeKC ogHOBpeMeHHOW cenekumm (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)!. 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
etal., 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

T FAO. Statistics of Food and Agriculture Organization. 2020. https://www.fao.
org/statistics/en/

136

empirical) 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) (Richards 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
GEl 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 HMRPGYV 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. Rodovalho et al. (2015) compared HMRPGYV, Lin and
Binns’s and Annichiarico’s methods for stability of maize
hybrids and indicates high agreement between these metho-
dologies, however, the HMRPGYV 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
etal., 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; Kondi¢-Spika et al., 2019), maize (Stojakovié 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 etal.,2011,2013; Zali etal., 2012; Funga
etal.,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 [lam
in the first two cropping years and in Khorramabad only in the
second cropping year. Fifty seeds per m? were grown in plots
with six m length and one m wide. Chemical fertilizer at the
rate of 100 kg ha™! of ammonium phosphate and 35 kg ha™!
of urea was evenly mixed with the soil. After harvest, seed
yield was weighed and statistical analyzes were performed
on the data.
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Statistical analysis

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

=t B IAY,, 0y

where Yj; is the yield of genotype i in environment j; p is
the grand mean; o; is the genotype deviation from the grand
mean; f; is the environment deviation; A, is the singular value
for IPC n and correspondingly A2 is its eigenvalue; y;, is the
eigenvector value for genotype i and component 7; 9, is the
eigenvector value for environment j and component n, with
both eigenvectors scaled as unit vectors; and p;; is the residual.

Simple and combined analysis of variance and stability
analysis 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

Name/Pedigree

Table 2. Geographic characteristics of trials area

Location Altitude, m Longitude Latitude Average rainfall, mm
GaChsaran ......................... 710 ................................... 5o°5o|5 ............................ 30017N ........................... 455 ..................................
Gonbad ............................... 45 ................................... 55°12|5 ............................ 37°15N ........................... 543 ..................................
”am ................................... 975 ................................... 460 36E ............................ 330 . 4 7N ........................... 362 ..................................
Khoramab ad ................... ”47 ................................... 480 185 ............................ 330 . 2 9N ........................... 445 ..................................
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Table 3. Equations for calculation the stability analysis indices

Stability analysis for seed yield of chickpea (Cicer arietinum L.)
genotypes by experimental and biological approaches

No. Index Formula Reference
1 AMMI stability value SSIPCT 2 Purchase et al., 2000
ASV = IPC1) | + (IPC2)?
[sswcz (IPCT) | +(IPC2)
..................................................................................................................... e
2 Sum of IPCs scores SIPC, = n;)\%s Vin Sneller et al., 1997
3 ......... E|enva|ue5tab||.tarameterofAMW ............................ _N .......... s z obe|eta|1933 ..........................
9 yP EV,= 3 V2N
4 Absolute value of the relative contribution Za.= g 16, Vi Zalietal, 2012
of IPCs to the interaction 17 4 nYin
5 Modified AMMI stability value N-1T SSIPC 2 Adugna, Labuschange, 2002
- My 2
MASV = n; [SSIPCM (IPCn)J +(IPC,,14)
6 Distance coefficient N Zhang et al., 1998
D,' = Yin
n=1
7 ......... We |htedaveraeofabsomtescores ........................................... S o|.votoeta|2o19 .......................
° ’ 2 [IPCA; x6,]
WAAS. = *= 5
k; O
8 Simultaneous selection index SSI =R (AMMI stability indices) + RY Farshadfar, 2008
9 Harmonic mean of genotypic values HMGY = ! Resende, 2007
L
z _
56V,
10 Relative performance of genotypic values Resende, 2007
11 Harmonic mean of relative performance Resende, 2007

of genotypic values

A, 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, v;, is the root
of the nt 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 0,,. In equation 5, SSIPC1,
SSIPC2, ..., SSIPC, are the sum of squares of the 15, 2nd,
and n [PC; and PC,, PC,, ..., PC, are the scores of 18t,20d_
and nth IPC. In equation 6, the AMMI distance (D) calculated
as distance of the interaction principal component from the
origin. In equation 7, IPC;; is the score of ith genotype on
k™ IPC axis. 0y is the explained variance of the k™ 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). AMMII (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).
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In BLUP, y; is the general mean for j™ environment; / is the
number of environments; GV;;: u;+ g;+ ge;; is the genotypic
value of ih genotype in j environment. u; is the mean of the
J™ environment, and g; and ge;; are the BLUP values of i
genotype and the interaction between i genotype and j en-
vironment, respectively. Stability indices based on this mixed
model are: HMGV, RPGV and HMRPGYV were calculated by
Equations 9-11, respectively (Table 3).

Analytical approaches. Seasonal rainfall and average
temperature 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 ¢ as follows (Vargas et
al., 1998):

X=tpl'+tlpl'+ ...+ E=TP'+ E
Y=tlgl'+tlql'+ ... + F=TQ'+F,

where, matrices 7, P and Q contain X-scores, X-loadings
and Y-loadings, respectively. /" 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.
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Factorial regression
The FR model is also as follows (van Eeuwijk et al., 1996):

K
E(Ylj) =pto;t Bj + kgl‘:ikzjk:

where a; represents the genotype main effect; Z; refers to
the value of any environmental variable & for environment j;
and &, represents the sensitivity of genotype i to the explicit
environmental variable £. The heterogeneity in the ¢&’s for
successive z,... z; variables accounts for the interaction, while

K
the sum of multiplicative terms X £, Z, approximates GE.
k=1

To facilitate the interpretation of genotype by environment,
the external variables can be centered to mean zero. The pa-
rameter &;; 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
HMRPGYV 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™"). Stability of genotypes was evaluated
across different environments by AMMI indices. The ASV,
WAAS, Za and MASYV stability indices identified genotypes
G5, Gl4, 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
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(1069.25 kg ha'). 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, Gl1,
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 ES.
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 HMRPGY. The top four superior genotypes compared
to control varieties (ADEL and AZAD), based on the measure
of stability and adaptability (HMRPGYV), were genotypes G11,
G14, G9 and G13. The products of this index and the general
mean (HMRPGV*) of these genotypes were 1570, 1287,
1231 and 1200 kg ha™!, respectively (Table 7). The selection
of these genotypes for seed yield increased to 20.63 % over
the general mean (1069.25 kg ha™!).

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 ............. 6 153924** ........ 3713 ....................................
Rep(Env)w ............... 1201” ........................................................
Gen 15 ............. 1307022**1690 ....................................
EnV*Gen ........... 105 ............... 345820** ....... 313 ......................................
PO ...................... 21 ............. 1463178** ........ 846 ................ 846 ...............
PC219 ............... 190452**10 ................... 946 ...............
PC317 ................. 69654 ............. 33 ................ 978 ...............
PC415 ................. 25555” ................ 989 ...............
PC513 ................. 20294 ............. 07 ................ 996 ...............
pC611 ................... 8973 ............. 03 ................ 999 ...............
PC7 ....................... 9 ................... 3976 ............. 01 ................ 100 ................
Res|dua|s .......... 240 ................. 62892 ........................................................
Tota| ................. 383 ............... 302898 ........................................................
**p< O 01 ...................................................................................................
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Table 5. AMMI-based stability indices and ranks for stability indices

Gen Seedyield, rY ASV  rASV SIPC  rSIPC EV rEV Za rZa  WAAS rWAAS Di rD MASV  rMASV
kg ha-!

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.

Table 6. Simultaneous selection indices (ssi) AMMI1 biplot
for each of genotypes
E7

Gen ssiASV ssiSIPC sSiEV ssiZa ssiWAAS

B S 2 0 0 a0}

G2 22 23 22 23 22

G3 22 19 18 21 22

................................................................................................................... S

G4 28 23 22 27 28 © i
................................................................................................................... s

© 20+
G5 9 10 10 9 9 — @
O

................................................................................................................... Y .

G6 23 19 19 22 23 s}
................................................................................................................... ..

E3 /

G7 23 24 24 23 23 .\\\\ "

G8 25 24 24 25 25 0 =

G9 9 14 14 10 9 B %>
................................................................................................................... E4. @ \

1 12 11 12 1 12 E5

GO .......................................................................................................... i p4al & Env

G11 17 16 16 17 17 -20+ @ @ @ Gen
A Yo 500 1000 1500

G13 16 17 17 16 16 Grain yield

G14 4 3 3 4 4 Fig. 1. AMMI1 biplot for identity of the superior lentil genotypes based on
................................................................................................................... seed yield mean and PC1.

G15 14 1 10 14 14

................................................................................................................... The naming of genotypes is similar to Table 9. E1, Gachsaran 2017-18; E2, Gon-
bad 2017-18; E3, lam 2017-18; E4, Gachsaran 2018-19; E5, Khorramabad 2018-
G16 17 20 20 18 7 19; E6, Gonbad 2018-19; E7, Ilam 2018-19; E8, Gonbad 2019-20.
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AMMI2 biplot
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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.
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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,
Gl14, 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; ES, Khorramabad 2018-19
and E7, [lam 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

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, HMGV HMGV_order RPGV RPGV_Y RPGV_order = HMRPGV HMRPGV_Y
kg ha-!
G1792 ..................... 577” ....................... 0724 .................... 77415 ....................... 0688 .................... 735 .................

G2 ........................ 814 ..................... 56812 ....................... 0755 .................... 80713 ....................... 0688 .................... 736 .................

63 ........................ 841 ..................... 55813 ....................... 0771 .................... 82412 ....................... 0691 .................... 739 .................

G4 ........................ 812 ..................... 41816 ....................... 0741 .................... 79214 ....................... 0564 .................... 603 .................

65”00 ..................... 970 ..................... 8105 .................... 1123 ..................... 9103 .................... 1106 .................

G6789 ..................... 46715 ....................... 071 ....................... 75916 ....................... 0616 .................... 659 .................

G7 ........................ 905 ..................... 53514 ....................... 083 ...................... 33811 ....................... 0689 .................... 737 .................

681069 ..................... 70510 ....................... 0986 .................. 105510 ....................... 0855 .................... 914 .................

691272 ................... 1070 ..................... 4”9 .................... 12703115 .................... 1231 .................

G101116 ..................... 991 ..................... 61051138 ..................... 6104 .................... 1111 .................

6111616 ................... 1406 ...................... 1 154 .................... 1647 ...................... 1 147 .................... 1570 .................

6121098 ..................... 9857105 .................... 1126 ..................... 3103 .................... 1096 .................

G131221 ................... 1076 ..................... 3”6 .................... 12445”2 .................... 1200 .................

G1412301122 ..................... 21211292 ..................... 212 ...................... 1287 .................

615”22 ..................... 964 ..................... 9106 .................... 11297102 .................... 1092 .................

G161261 ................... 10595”9 .................... 1269 ..................... 4112 .................... 1193 .................
Average106925 .........................................................................................................................................................................................................

Note. RPGV, performance genetic value; HMGV, harmonic mean of genotypic values; HMRPGV, harmonic mean and relative performance of genotypic values.
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Stability analysis for seed yield of chickpea (Cicer arietinum L.)
genotypes by experimental and biological approaches

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

Effect name Sum Sq Df F-value

Gen*Fa”T ...................... 808439415 ..................... 3745061 .........
Gen*sprng ................ 899342815 ..................... 5055404 .........
Gen*Fa”R .................... 132564”15 ................... 1200947 ...........
Gen*spnngT ................. 305314015 ..................... 3109”1 .........

AIC Pr>F TorF
.......... 49928724815_06Eﬁectentered
.......... 49397023605_09Eﬁectentered
.......... 47901412795_22|5ffectentered
.......... 4760475000012Eﬁectentered

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

WinterR

SpringR

WinterT SpringT

-6 -4 -2 0 2 4 6
10FT T T T T ™6
(£
10
8 Ha
12
0.5 14
g ° 12
e}
N = tsBiooT
s 0 ES‘—T‘E%U 0
)
6
_05 | 7
2
3 -4
-10F . 1 . N
-1.0 -0.5 0 0.5 1.0

Factor1 (73.12 %)

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.

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
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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
etal., 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).
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Based on the AMMI1 biplot, G5, G12, G10, G9, and G14
were the stable genotypes. Because the AMMII 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 ES; 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 AMMI 1 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
HMRPGYV, 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. Sabaghpour et al. (2006) stated that chickpea
needs the most water during flowering, podding and seed
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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, ES and
E7 that favored the positive GE interaction with G13, G15,
G10, G8, G12, G14, GY 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, ES 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 HMRPGYV 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 HMRPGYV 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, ES 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), 125 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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MuToxXoHApMuaabHbIV reHOM Dendrobaena tellermanica Perel, 1966
(Annelida: Lumbricidae)
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T DepepanbHbIit cceaoBaTeNbCKMIA LEHTP MIHCTUTYT LMTONOTN 1 reHeTuku CUBUPCKOro oTaeneHna Poccuiickoil akagemin Hayk, HoBocn6upck, Poccusa
2 NHCTuTYT 6rionornyecknx npobnem Cesepa [lanbHEBOCTOUHOrO oTAeneHuns Poccrinckoii akagemun Hayk, MarapaH, Poccun

3 YHuBepcuteT CemHaHa, CemHaH, VipaH

4 UHCTUTYT 3KONOTMU rOpPHBIX TeppuTopuit um. A.K. Tem60TOBa Poccuiickoit akagemni Hayk, Hanbumk, Poccns

® shekhovtsov@bionet.nsc.ru

AHHoTauumA. [loxaeBble YepBY — BaXkHaA SKONOrMyecKas rpynmna, Kotopasa okasblBaeT 3HaUUTENbHOE BAMAHME KaK Ha
COCTaB MOYBEHHOW dayHbl, TaK 1 Ha PacTUTENbHOCTb. [eHeTMUECKOe pa3HOO6pa3une 1 GUIoreHNa [OXKAEBbIX YepBeil
npy 3STOM OCTATCA OTHOCUTENBbHO CNabo n3yyeHHbIMU. B HacToALLee Bpema 6OMbLWMHCTBO PaboT MO reHETNYECKOMY
|Pa3HO06pa3nto JOXKAEBbIX YePBEN OCHOBbBIBAETCA HA EANHUYHBIX MUTOXOHAPWANbHBIX N AAEPHbIX reHax. B cBs3n ¢ 3Tum
ONA PEKOHCTPYKUMUN GUNOreHeTUYeCKNX OTHOLLEHWUIA Y AOXKAEBbIX YepBel NepcrneKTUBHbIMA CTaHOBATCA MUTOXOH-
ZpuasbHble reHoMbl. MouTh Bce paboTbl MO 3TON TeMe NOCBALLEeHbl BUgam 13 3anagHoi EBponbl unu BoctouHoi Asun,
Lpyrue pervioHbl NPaKTUYECKN He 3aTPOHYTbI. B HacToswWwen paboTe Mbl MPOBENN CEKBEHUPOBAHMNE, COOPKY 1 aHann3
MUTOXOHAPUanbHoro reHoma Dendrobaena tellermanica Perel, 1966. 3TOT BUf paHee BXOAW B COCTaB KaBKa3CKOro
Buaa D. schmidti (Michaelsen, 1907) — nonuTnmyeckoro B1Aaa, B npeaenax KoToporo BblAenAanm MHOMXeCTBO TaKCOHOB.
leHoM 6b1S1 COBpaH B BUAE OQHOMO KOHTMIa ANIMHOM 15298 n. H., copep»Kallero TUNUYHbIN Habop reHoB: 13 6enok-Kogu-
pytoLmx reHoB (Tpy cybbeanHULbI LUTOXpOoMoKcuaasbl, cemb cybbeamnnmy NADH germgporeHasbl, aBe cy6beanHULbI
ATO cuHTeTasbl, UMTOXPOM b), reHbl 125 n 165 pubocomanbHoii PHK 1 22 reHa TPHK. Bce reHbl 6biin pacnonoeHbl Ha
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MwuToxoHapranbHbIA reHom
Dendrobaena tellermanica Perel, 1966 (Annelida: Lumbricidae)

opHon yenu IHK. Ha KOHTpOnbHbIM pernoH, Haxoaawminca mexay reHamu tRNA-Arg n tRNA-His, npnxogunocb 727 n.H.
KOHTpONbHbIN PervoH copep an MHOXECTBO LUMWEK, a TakXKe TaHAeMHble NoBTopbl MoHOMepa AACGCTT. OunoreHe-
TUYECKNIA aHaIM3 Ha OCHOBE MOJTHbIX MUTOXOHAPUASIbHBIX FTEHOMOB NMoKa3ar, uto pof Dendrobaena aBnaetcs 6a3anb-
HbIM B cemenctee Lumbricidae. D. tellermanica oka3anacb JOBOMIbHO AaneKkM POACTBEHHUKOM KOCMOMONIMTHOMO BMAA
D. octaedra, 4To rOBOPUT O BbICOKOM FeHETUYECKOM pa3HOo0bpasnm B 3ToM poge. Bua D. schmidti 6bin napadunetmyHbim
no oTHoLweHuo K D. tellermanica. Mockonbky gns D. schmidti xapakTepHa OYeHb BbICOKasA reHeTnyecKas N3MeHUNBOCTb,
MO>KHO pacCMaTprBaTb 3TU laHHbIe KaK CBUAETENbCTBO B NOJb3y pa3aenenns D. schmidti Ha HeCKonbKo BUAOB.
KntoueBble cnoBa: goxaesble yepsu; Lumbricidae; Dendrobaena tellermanica; muToxoHIpuranbHble reHOMbl.

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 (Marchén et al., 2018). Currently, most
works on earthworm genetic diversity are based on single
mitochondrial and nuclear genes (Jamieson et al., 2002;
Marchan et al., 2022). Construction of multigene nuclear
datasets is impeded by frequent polyploidy characteristic for
this group (Viktorov, 1997; Vsevolodova-Perel, Bulatova,
2008; Mezhzherin 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.
Alot 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-
lermanica 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 difters 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 Karachay-
Cherkess Republic (right bank of r. Uchkulan, road to the
Chiper pass, 1483 a.s. l., 4-5 km from the Aktyube town, A/-
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 [llumina NextSeq550 with the Mid Output Kit v. 2.5
(300 Cycles) for 2x150 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 COXT 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,
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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), 125 and 16S ribosomal
RNA genes, and 22 tRNA genes. All genes
were located on one DNA strand (Fig. 1).
AT-content was 65.3 %. The leading strand
contained 31.1 % A, 342 % T, 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, NDI n 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 tRNA-Arg and
tRNA-His 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 AT-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
terrestris 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
(Vallés, Boore, 2006). In this case, any
inversions and most of the translocations
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D. tellermanica

15,298 bp

Fig. 1. The organization of the D. tellermanica mitochondrial genome.

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. terrestris 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. fteller-
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. schmidti.

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 COX/ sequences in the public databases
and only a few mitochondrial genomes; e.g., mtDNA of
D. schmidti has not been sequenced yet. Therefore, the tree
on Fig. 4 is given only to demonstrate the close relationship
of D. tellermanica and D. schmidlti.

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. 3. Phylogenetic tree based on earthworm mitochondrial genomes using the Maximum Likelihood method.

Here and in Fig. 4: Numbers near the branches indicate bootstrap support.
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Fig. 4. Phylogenetic tree based on the COXT 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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Abstract. Applicability of ITS1-ITS2 primary structure for species attribution of representatives of the genus Stucke-
nia was experimentally tested. Analysis of the ITS1-ITS2 region sequences of S. vaginata and S. pectinata from public
databases showed that they differed by insertions/deletions and single or double nucleotide substitutions. Besides,
the ITS1-ITS2 region of S. pectinata was shown to be represented by two haplotype groups designated as S. pectinata
type A and S. pectinata type B with good bootstrap support in phylogenetic reconstructions. In 28 samples identified
as S. pectinata, S. vaginata, S. macrocarpa and S. chakassiensis on the basis of morphology, the ITS1-ITS2 region was
sequenced in this study. Three groups of samples with good bootstrap support were revealed to be corresponding to
S.vaginata, S. pectinata type A and S. pectinata type B. The S. vaginata group was formed by the samples identified on
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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Vcriosnb30BaHMe IIEePBUYHOM CTPYKTYPHI parioda I'TS1-ITS2
IIJISI BUDOBO MOeHTUAUKAIIMY YV HEKOTOPBIX IIpeaCcTaBUTeEIeN
BOJJHbIX MakKpoduTOB poaa Stuckenia

[A.B. Mrausew], 0.3. Koctepun @

DepepanbHbii NccnefoBaTeNbCKUiA LeHTp VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuitckoin akagemun Hayk, Hosocnbupck, Poccus
® kosterin@bionet.nsc.ru

AHHoTayus. MpoBeaeH 6MONHPOPMALMOHHBIN aHaNM3 NepPBUYHOW CTPYKTYpbl parioHa ITST1-ITS2 obpasuos S. vagi-
nata wn S. pectinata, B3ATbIx 13 Ny6ANUYHbIX 6a3 JaHHbIX, CCbINIKMA Ha KOTOpble NpUBEAEHbI B ONy6IMKOBaHHbIX paboTax.
MokasaHo, UTo MeXBMAoBble pasnuuusa S. vaginata n S. pectinata obycnosneHbl feneumamMmmn/BCTaBKkaMn 1 OgHO- UnImn
[BYHYKNeoTUAHbIMY 3ameHamu. bonee Toro, Bug S. pectinata no cTpyktype parnoHa ITST1-ITS2 npepctaBneH aBymsa
reHoTVNamu, KoTopble 0603HauYeHbl Kak S. pectinata Tvn A n S. pectinata Tvin B, pa3nnunsa Mexxay KoTopbiMy 06ycnoB-
NeHbl OAHO- WAV [ABYHYKNEOTUAHbIMY 3aMeHaMUn. 3TO AEMOHCTPUPYET BO3MOXHOCTb MPYMEHeHNA JaHHOro parioHa
ANA onpefeneHnsa BULOBOW NPUHALNEXHOCTU Y NpeAcTaButeneil popa Stuckenia. Ana skcnepurmMeHTanbHON NpoBep-
KN BO3MOXHOCTW MCMOMb30BaHNA AAHHOrO paiioHa y 28 06pa3uoB, ornpefeneHHbIX Ha OCHOBaHMU Mopdosnornye-
CKUX MPU3HAKOB KakK S. pectinata, S. vaginata, S. macrocarpa v S. chakassiensis, BbINOSIHEHO ONpefeneHne NepBUYHON
CTPYKTYpbl parioHa ITS1-ITS2. AHann3 nonyyYeHHbIX SKCNepUMeHTanbHbIX AaHHbIX MOKa3as, YTo OHW pacrnafalTca Ha
TpW rpynnbl, TPeTbA rpynna npefcTaBieHa ABYMA nogrpynnamu. TV rpynnbl COOTBETCTBYIOT S. vaginata, S. pectinata
™n A n S. pectinata Tun B. B rpynny S. vaginata nonanu o6pa3subl, KOTOpble Ha OCHOBaHUM MOPONOrNYeCKX Npr3Ha-
KOB onpefeneHbl Kak S. vaginata. B rpynny S. pectinata Tun A nonanv o6pasubl, KOTOpble Ha OCHOBaHKK Mopdosiornye-
CKMX MPY3HaKOB onpepaeneHbl Kak S. pectinata. Mpynny S. pectinata Tun B Ha OCHOBaHWW NePBUYHON CTPYKTYpPbl panioHa
ITS1-ITS2 moxHO pa3genuTb Ha ABe noarpynnbl: S. pectinata Tun B w S. chakassiensis. B nogrpynny S. pectinata Tun B
BOLUNUN 06pa3sLbl, KOTOpble Ha OCHOBaHMU MOPdONOrMYecKMX NPU3HAKOB OMpeaeneHbl Kak S. pectinata, S. vaginata v
S. macrocarpa. B nogrpynny P. chakassiensis B OCHOBHOM BOLLIM 06pa3Libl, KOTOPbIe Ha OCHOBaHWK MOPHONOrMYecKmnx
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npr3HaKoB onpepaeneHbl Kak S. chakassiensis. Ha ocHoBaHMM BbipaBHMBAaHUA MOCNeA0BaTeNbHOCTEN NOArPYNMbl S. pec-
tinata Tvn B caenaHo npennonoXeHue, COrNacHO KOTOPOMY B faHHYI0 NOArpynny o6beArHeHbl NOCIeA0BaTeNbHOCTY,
npuHagnexawue S. pectinata Tun B, S. macrocarpa vi nx ru6pugam.

KnioueBble cnoBa: Potamogetonaceae; Stuckenia; S. chakassiensis; S. macrocarpa; S. pectinata; S. vaginata; panoH ITS1-ITS2;

naeHTUGUKaLmna BUIoB.

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 characteristic 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,
Coleogeton was proposed to be considered as a separate genus
(Les, Haynes, 1996). Of the names suggested at the generic
rank, Coleogeton and Stuckenia Borner, 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.)
Borner 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 (lida 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.

154

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. x 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 biology (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 ITSI-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) Volobaeyv.

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. Material'). Plant material has been
provided by L.M. Kipriyanova (Institute for Water and Envi-
ronmental Problems of Siberian Branch of the Russian Aca-
demy 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 2x CTAB (2 % CTAB, 1.4M
NaCl, 0.IM TRIS pH = 8.0, 20 mM EDTA). Homogenate was
transferred to 2 ml tubes and incubated for 30 min at 75 °C.
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 5x CTAB (5 % CTAB,
350 mM EDTA), mixed and incubated for 10 min at 65 °C.
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 °C for 1 h or more. Nucleic acids were precipitated by
centrifuging as described above, washed twice with 70 %
ethanol, dried and resuspended in 50 ul 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 20ul with
2 ul of 10x ammonium-sulphate buffer, 2 pl of 25 mM
MgCl,, 0.2 ul of the Taq polymerase (5 U/ul), 0.15 pl BSA
(10 mg/ml), 1 pl of forward and reverse primers (10 pM)
each, and 2 pl 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 °C — 3 min;
then 38 cycles including: denaturation at 94 °C — 30 s, primer
annealing at 58 °C — 30 s, elongation at 72 °C — 60 s; termi-
nal elongation at 72 °C — 5 min. To amplify the ITS1-ITS2
region, ITS-5m (5'-GGAAGGAGAAGTCGTAACAAGG)
and ITS-4 (§'-TCCTCCGCTTATTGATATGC) primers were
used (Sang et al., 1995).

! Supplementary Material is available in the online version of the paper:
https://vavilovj-icg.ru/download/pict-2023-27/appx4.pdf
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MepBuryHana cTpyKTypa panoHa ITS1-ITS2 gna suaoson
naeHTndmKaumm y BoLHbIX MakpodutoB popa Stuckenia

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: seq-ITS-F (5'-GATGACTCTCGGCAACGG
ATA) and seq-ITS-R (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 Clustal W 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: HE613433, HE613434, KF270928, KF270929
referred to as belonging to S. vaginata, and KF270926,
HE613427, KF270927 HE613425, HE613426 HE613428,
attributed to S. pectinata (McMullan et al., 2011; Kaplan et
al., 2013). These sequences were obtained by two independent
research teams who sequenced the ITSI-ITS2 region both
in S. pectinata, and S. vaginata. The entries beginning with
“KF” come from the Institute of Botany, Academy of Sciences
of Czech Republic, and those beginning with “HE” 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.
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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

GenBank ID

Species 1 2 3

100

99

HE613427 S. pectinata
KF270926 S. pectinata
KF270928 S. vaginata
HE613434 S. vaginata
HE613433 S. vaginata
KF270929 S. vaginata

||
0.02

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

Il group
S. pectinata type B

Il group
S. pectinata type A

I group
S.vaginata

KF270900 Groenlandia densa

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.

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
ITSI-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 A (S. pectinata genotype A), and those from
group Il — as S. pectinata type B (S. pectinata genotype B).
Table 2 presents the alignments of the sequences of the three
indicated groups. It can be seen that S. pectinata type A 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 B 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 A and S. pectinata type B by
three indels (two one-nucleotide and one nine-nucleotide) and
several nucleotide substitutions (sixteen one-nucleotide and
two two-nucleotide). The differences between S. pectinata
type A and S. pectinata type B are smaller and consist of five
one-nucleotide and one two-nucleotide substitutions. Thus,
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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 A and B types.

Sequencing and analysis of the ITS1-ITS2 region
in the representatives of the genus Stuckenia
Primary structure of the ITSI-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 A”,
HEG613428 representing ““S pectinata type B” 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 A or S. pectinata type B
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 IT11-1
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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

>

LA

S. pectinata type A HE613427

S.vaginata KF270928
5 Vagmata ........................... K F270929 ................................................
s\/agmata ........................... H E613433 ................................................
Svagmam ........................... |-| E613434 ................................................

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 I1I-I
and ITI-I1 is given in Table 3. According to the nucleotides in
the positions 102—103, the sequences of the subgroup I11-1
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-

568 593 622
584 621 637 680

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.

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 Cfol (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 erronecous 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-
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No. 105 S. chakassiensis
No. 314 S. vaginata
61| No. 323 S. chakassiensis
No. 321 S. chakassiensis
No. 1 S. chakassiensis
No. 317 S. chakassiensis
— S. pectinata type B (HE613428)
No. 15 S. macrocarpa
No. 95 S. macrocarpa
No. 3 S. vaginata
No. 301 S. pectinata
No. 4 S. pectinata
No. 63 S. vaginata
No. 52 S. macrocarpa
No. 46 S. macrocarpa
No. 2 S. macrocarpa
No. 16 S. macrocarpa
og | | No.47 S. macrocarpa
No. 94 S. macrocarpa
No. 117 S. macrocarpa
No. 300 S. pectinata
No. 302 S. pectinata
929 No. 93 S. vaginata
No. 100 S. vaginata
No. 330 S. pectinata
No. 303 S. pectinata
S. pectinata type A (HE613427)
No. 183 S. pectinata

Primary structure of the ITS1-ITS2 region for species
identification in aquatic macrophytes of the genus Stuckenia

llI-1I subgroup

Ill-1 subgroup
S. pectinata type B

I group
S. pectinata type A

No. 315 S. vaginata

i |

S.vaginata (HE613434)
T‘ No. 313 S. vaginata

I group
S.vaginata

Groenlandia densa (KF270900)

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).

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 interspecies 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 II-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 Cfol restrictase is not typical of S. vaginata. If this
sample is excluded from consideration, the subgroup 111 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
[II-1 and ITI-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 ITSI-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
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Table 3. Alignment of sequences of the ITS1-ITS2 region of the samples from Ill-I and llI-Il subgroups

Subgroup Isolate Sample

Variable positions

Species attribution

102 386 547 609 aCCOrdlngtOITS]—ITSZ

103 524 610

S. chakassiensis

H
=
H
H
>
=
Q

S. pectinata type B

S. macrocarpa

F1 hybrid between
S. macrocarpa
and S. pectinata

;

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.

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 Cfol 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
ITS1-1TS2 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
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River delta differed from those of the samples collected in
Italy, Germany, Poland, France and the Saint-Petersburg 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 [TS1-ITS2 region and also the plastid rp/32-trnL 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).
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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
HEG613428, 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 ITS1-1TS2
haplotype but had a haplotype of the rpl32-trnL 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.

References

Coffey W.W. The feasibility of submerged macrophyte re-establishment
in Kaituna Lagoon, Lake Ellesmere (Te Waihora). A thesis submit-
ted in partial fulfilment of the requirements for the degree of Master
of Applied Science in Resource Management/Ecology at Lincoln
University. Lincoln University, N.Z. 2001. https://researcharchive.
lincoln.ac.nz/handle/10182/2271

Desalle R. Species discovery versus species identification in DNA
barcoding efforts: response to Rubinoff. Conserv. Biol. 2006;20(5):
1545-1547. DOI 10.1111/j.1523-1739.2006.00543 .x.

Fant J.B., Kamau E., Preston C.D. Chloroplast evidence for the multiple
origins of the hybrid Potamogeton x sudermanicus Hagstr. Aquat.
Bot. 2003;75(4):351-356. DOI 10.1016/S0304-3770(03)00004-4.

Fant J.B., Kamau E., Preston C.D. Chloroplast evidence for the mul-
tiple origins of the hybrid Potamogeton * fluitans. Aquat. Bot. 2005;
83(2):154-160. DOI 10.1016/j.aquabot.2005.06.004.

Fazekas A.J., Kuzmina M.L., Newmaster S.G., Hollingsworth P.M.
DNA barcoding methods for land plants. Methods Mol. Biol. 2012,
858:223-252. DOI 10.1007/978-1-61779-591-6 11.

Guseva N.V., Kopylova Yu.G., Khvashchevskaya A.A., Smetanina I.V.
Chemical content of salt lakes of the Severo-Minusinsk depression,
Khakasiya. Bull. Tomsk Polytech. Univ. 2012;321(1):163-168. (in
Russian)

Haynes R.R., Les D.H., Kral M. Two new combinations in Stucke-
nia, the correct name for Coleogeton (Potamogetonaceae). Novon.
1998a;8(3):241. DOI 10.2307/3392010.

Haynes R.R., Les D.H., Holm-Nielsen L.B.I. Potamogetonaceae.
In: Kubitzki K. (Ed.). The families and genera of vascular plants,
Flowering Plants: Monocotyledons: Alismatanae and Commelinanae

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 2


https://researcharchive.lincoln.ac.nz/handle/10182/2271
https://researcharchive.lincoln.ac.nz/handle/10182/2271
https://doi.org/10.1111/j.1523-1739.2006.00543.x
https://doi.org/10.1016/S0304-3770(03)00004-4
https://doi.org/10.1016/j.aquabot.2005.06.004
https://doi.org/10.1007/978-1-61779-591-6_11

A.B. MrnuHey
0.3. KoctepuH

(except Gramineae). Vol. IV. Berlin: Springer-Verlag, 1998b;408-
414. DOI 10.1007/978-3-662-03531-3_39.

Hollingsworth P.M., Preston C.D., Gornall R.J. Euploid and aneuploid
evolution in Potamogeton (Potamogetonaceae): a factual basis
for interpretation. Aquat. Bot. 1998;60(4):337-358. DOI 10.1016/
S0304-3770(97)00101-0.

Hollingsworth P.M., Preston C.D., Gornall R.J. Isozyme evidence
for the parentage and multiple origins of Potamogeton x suecicus
(P. pectinatus % P. filiformis, Potamogetonaceae). Plant Syst. Evol.
1996;202(3):219-232.

Holub J. Stuckenia Borner 1912 — the correct name for Coleogeton
(Potamogetonaceae). Preslia. 1997;69,361-366.

lida S., Kosuge K., Kadono Y. Molecular phylogeny of Japanese Pota-
mogeton species in light of noncoding chloroplast sequences. Aquat.
Bot. 2004;80(2):115-127. DOI 10.1016/j.aquabot.2004.08.005.

Ivanova Ye.A., Anishchenko O.V., Zuyev L.V., Avramov A.P. Content of
metals in Phragmites australis Trin. ex Steud and Potamogeton pec-
tinatus L. from water bodies of different salinity. J. Sib. Fed. Univ.
Biol. 2015;8(3):347-361. DOI 10.17516/1997-1389-2015-8-3-347-
361. (in Russian)

Kaplan Z. A taxonomic revision of Stuckenia (Potamogetonaceae) in
Asia, with notes on the diversity and variation of the genus on a
worldwide scale. Folia Geobot. 2008;43(2):159-234. DOI 10.1007/
$12224-008-9010-0.

Kaplan Z., Fehrer J., Hellquist C.B. New hybrid combinations revealed
by molecular analysis: the unknown side of North American pond-
weed diversity (Potamogeton). Syst. Bot. 2009;34(4):625-642. DOI
10.1600/036364409790139745.

Kaplan Z. Hybridization of Potamogeton species in the Czech Repub-
lic: diversity, distribution, temporal trends and habitat preferences.
Preslia. 2010;82(3):261-287.

Kaplan Z., Jarolimova V., Fehrer J. Revision of chromosome numbers
of Potamogetonaceae: a new basis for taxonomic and evolutionary
implications. Preslia. 2013;85:421-482.

Kaplan Z. Phenotypic plasticity in Potamogeton (Potamogetonaceae).
Folia Geobot. 2002;37(2):141-170. DOI 10.1007/BF02804229.

Kaplan Z., Stepanek J. Genetic variation within and between popula-
tions of Potamogeton pusillus agg. J. Plant Syst. Evol. 2003;239(1):
95-112. DOI 10.1007/s00606-002-0252-7.

Kashina L.I. Potamogenaceae. In: Krasnoborov [.M. (Ed). Flora Sibiri.
Lycopodiaceae — Hydrocharitaceae. Novosibirsk: Nauka, 1988;93-
105. (in Russian)

King R.A., Gornall R.J., Preston C.D., Croft J.M. Molecular confirma-
tion of Potamogeton X bottnicus (P. pectinatus x P. vaginatus, Pota-
mogetonaceae) in Britain. Bot. J. Lin. Soc. 2001;135(1):67-70. DOI
10.1111/1.1095-8339.2001.tb02370.x.

Kress W.J., Wurdack K.J., Zimmer E.A., Weigt L.A., Janzen D.H.
Use of DNA barcodes to identify flowering plants. PNAS. 2005;
102(23):8369-8374. DOI 10.1073/pnas.0503123102.

Les D.H. Taxonomic implications of aneuploidy and polyploidy in
Potamogeton (Potamogetonaceae). Rhodora. 1983;85(843):301-323.

Les D.H., Haynes R.R. Coleogeton (Potamogetonaceae), a new genus
of pondweeds. Novon. 1996;6:389-391. DOI 10.2307/3392046.

Lindqvist C., De Laet J., Haynes R.R., Aagesen L., Keener B.R., Al-
bert V.A. Molecular phylogenetics of an aquatic plant lineage,
Potamogetonaceae. Cladistics. 2006;22(6):568-588. DOI 10.1111/
j.1096-0031.2006.00124.x.

Mader E., van Vierssen W., Schwenk K. Clonal diversity in the sub-
merged macrophyte Potamogeton pectinatus L. inferred from nuc-
lear and cytoplasmic variation. Aquat. Bot. 1998;62(3):147-160.
DOI 10.1016/S0304-3770(98)00096-5.

ORCID ID

A.V. Mglinets | orcid.org/0000-0001-6040-6801

2023
27.2

MepBuryHana cTpyKTypa panoHa ITS1-ITS2 gna suaoson
naeHTndmKaumm y BoLHbIX MakpodutoB popa Stuckenia

McMullan J.J., Gornall R.J., Preston C. ITS rDNA polymorphism
among species and hybrids of Potamogeton subgenus Coleogeton
(Potamogetonaceae) in north-western Europe. New J. Bot. 2011,
1(2):111-115. DOI 10.1179/204234811X13194453002788.

Myaemets A.A. Potamogeton. In: Fedorova A.A. (Ed.). Flora Flora of
the European Part of the USSR. Vol. 4. Leningrad: Nauka, 1979;
176-192. (in Russian)

Rogers S.0., Bendich A.J. Extraction of DNA from milligram amounts
of fresh herbarium and mummified plant tissues. Plant Mol. Biol.
1985;5(2):69-76. DOI 10.1007/BF00020088.

Sang T., Crawford D.J., Stuessy T.F. Documentation of reticulate evolu-
tion in peonies (Paeonia) using internal transcribed spacer sequen-
ces of nuclear ribosomal DNA: implications for biogeography and
concerted evolution. PNAS. 1995;92(15):6813-6817. DOI 10.1073/
pnas.92.15.6813.

Shneyer V.S., Rodionov A.V. Plant DNA barcodes. Biol. Bull. Rev.
2019;9(4):295-3900. DOI 10.1134/S207908641904008X.

Sorsa P. Pollen morphology of Potamogeton and Groenlandia (Pota-
mogetonaceae) and its taxonomic significance. Ann. Bot. Fenn.
1988;25(2):179-199.

Tamura K., Nei M. Estimation of the number of nucleotide substitu-
tions in the control region of mitochondrial DNA in humans and
chimpanzees. Mol. Biol. Evol. 1993;10(3):512-526. DOI 10.1093/
oxfordjournals.molbev.a040023.

Tamura K., Peterson D., Peterson N., Stecher G., Nei M., Kumar S.
MEGAS5: Molecular Evolutionary Genetics Analysis using Maxi-
mum Likelihood, Evolutionary Distance, and Maximum Parsimony
Methods. Mol. Biol. Evol. 2011;28(10):2731-2739. DOI 10.1093/
molbev/msr121.

Thompson J.D., Higgins D.G., Gibson T.J. CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment through
sequence weighting, position specific gap penalties and weight
matrix choice. Nucleic Acids Res. 1994;22(22):4673-4680. DOI
10.1093/nar/22.22.4673.

Tsvelev N.N. On the species of the subgenus Coleogeton of the genus
Potamogeton (Potamogetonaceae) in North-Western Russia. Bota-
nicheskii Zhurnal. 1996;81(7):88-91. (in Russian)

Uehara K., Tanaka N., Momohara A., Zhou Z.-K. Genetic diversity of
an endangered aquatic plant. Potamogeton lucens subspecies sini-
cus. Aquat. Bot. 2006;85(4):350-354. DOI 10.1016/j.aquabot.2006.
06.008.

Volkova P.A., Kipriyanova L.M., Maltseva S.Y., Bobrov A.A. In search
of speciation: Diversification of Stuckenia pectinata sl (Potamoge-
tonaceae) in southern Siberia (Asian Russia). Aquat. Bot. 2017;143:
25-32. DOI 10.1016/j.aquabot.2017.07.003.

Wang Q.D., Zhang T., Wang J.B. Phylogenetic relationships and hy-
brid origin of Potamogeton species (Potamogetonaceae) distributed
in China: insights from the nuclear ribosomal internal transcribed
spacer sequence (ITS). Plant Syst. Evol. 2007;267(1-4):65-78. DOI
10.1007/s00606-006-0499-5.

Whittall J.B., Hellquist C.B., Schneider E.L., Hodges S.A. Cryptic
species in an endangered pondweed community (Potamogeton,
Potamogetonaceae) revealed by AFLP markers. Am. J. Bot. 2004;
91(12):2022-2029. DOI 10.3732/ajb.91.12.2022.

Wiegleb G. Notes on pondweeds — outlines for a monographical treat-
ment of the genus Potamogeton L. Fedded Repertorium. 1988;
99(7-8):249-266.

Wiegleb G., Kaplan Z. An account of the species of Potamogeton L.
(Potamogetonaceae). Folia Geobot. 1998;33(3):241-316. DOI
10.1007/BF03216205.

Acknowledgements. The authors are grateful to L.M. Kipriyanova for providing plant material and to V.S. Bodganova for the help with English. This
work was supported by the grant of Russian Foundation for the Fundamental Research (RFFI) project No. 13-04-02055-a and the scientific project

FWNR-2022-0017.
Conflict of interest. The authors declare no conflict of interest.

Received February 10, 2022. Revised November 14, 2022. Accepted November 17, 2022.

OUNOTNEHETUKA / PHYLOGENETICS 161


https://doi.org/10.1007/978-3-662-03531-3_39
https://doi.org/10.1016/j.aquabot.2004.08.005
https://dx.doi.org/10.1007/s12224-008-9010-0
https://dx.doi.org/10.1007/s12224-008-9010-0
https://doi.org/10.1600/036364409790139745
https://doi.org/10.1600/036364409790139745
https://dx.doi.org/10.1007/BF02804229
https://doi.org/10.1007/s00606-002-0252-7
https://doi.org/10.1111/j.1095-8339.2001.tb02370.x
https://doi.org/10.1111/j.1095-8339.2001.tb02370.x
http://doi.org/10.1073/pnas.0503123102
http://dx.doi.org/10.2307/3392046
https://doi.org/10.1111/j.1096-0031.2006.00124.x
https://doi.org/10.1111/j.1096-0031.2006.00124.x
https://doi.org/10.1016/S0304-3770%2898%2900096-5
https://doi.org/10.1179/204234811X13194453002788
https://doi.org/10.1007/BF00020088
https://doi.org/10.1073/pnas.92.15.6813
https://doi.org/10.1073/pnas.92.15.6813
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1016/j.aquabot.2006.06.008
https://doi.org/10.1016/j.aquabot.2006.06.008
https://doi.org/10.1016/j.aquabot.2017.07.004
https://doi.org/10.3732/ajb.91.12.2022
https://doi.org/10.1007/BF03216205
https://doi.org/10.1007/BF03216205

FEHETUKA XXUBOTHbIX BaBMnoBCcKUi XXypHan reHeTUKMN 1 cenekuymm. 2023;27(2):162-168

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-23-22

Original Russian text https://vavilovj-icg.ru/

A genogeographic study of the Kyrgyz mountain merino
via microsatellite markers

A.B. Bekturov!, Zh.T. Isakova?®, V.N. Kipens, T.Dzh. Chortonbaevl, S.B. Mukeeva?, S.K. Osmonaliev?, K.A. Aitbaev?

T Kyrgyz National Agrarian University named after K.I. Skryabin, Bishkek, Kyrgyz Republic

2 Research Institute of Molecular Biology and Medicine, Bishkek, Kyrgyz Republic

3 Institute of Genetics and Cytology of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus
#Kyrgyz Research Institute of Animal Husbandry and Pastures, Sokuluk District, Kyrgyz Republic

® jainagul@mail.ru

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, INRA0O5, INRA0O23). 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, INRA0O5, INRAOO6,
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 McMO042 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 INRAT172 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.
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I'eHoreorpaduueckoe 1ccjiegoBaHye KMPru3ckoro ropHoro
MepMHOCa C VICIOJ/Ib30BaHMEM MUKPOCATEJINTHBIX MapKepOB

A.B. Bektypos!, XX.T. Vicakosa? @, B.H. Kumnens?, T.A. Yopronbaes!, C.B. Mykeesa?, C.K. Ocmonaaues?, K.A. Airr6aes?
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3 WHCTUTYT reHeTnKn 1 umtonorum HauvoHanbHol akagemun Hayk benapycu, MuHck, Pecnybnuka Benapycb
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AHHoTauus. NpoBeeHO reHoreorpadunyeckoe UlyyeHne Nopoabl OBEL, KUPrm3cKuin ropHblin mepuxoc (KI'M). Mpo-
aHanmsnposaHbl o6pasupbl JHK 109 oBew faHHON NOpoAbl, Pa3BOANMbBIX B TPEX FOCYAAPCTBEHHbIX MAeMeHHbIX 3a-
Bogax ([M3) B Pecny6nuke KbiproisctaH: M3 «Oproyop» (Mcebik-Kynbckaa obnactb), M3 «KatTa-Tangbik» (Owckas
obnactb) n M3 um. M.H. JlywmxuHa (Tanacckaa obnactb). B 12 nccnegoBaHHbIX MUKPOCATENNIUTHBIX MapKepax
(McMO042, INRA006, McM527, ETH152, CSRD247, OarFCB20, INRA172, INRA063, MAF065, MAF214, INRAOOS5, INRA0O23)
naeHTnonLMpoBaHo 126 annenei. Yicno annener B KaXXAoM NIOKYCe BapbrpoBaso oT 6 Ao 16 Npu cpefHeM 3Have-
Hum 10.500+0.957 annenew Ha nokyc. OnpepeneHo 67 peakux annenen (C 4acTOToN BCTpeyaeMocTn meHee 5.0 %),
yTo cocTtaBnAeT 53.2 % oT obLero KonnyecTsa BbIABNEHHbIX annenei. Hanborbliee KONMYECTBO peaKmx annenemn
ycTaHoBsieHo AnAa STR-mapkepos CSRD247, INRA023, INRAOOS, INRAOO6, MAF214 w OarFCB20. AnA Kax[on rpynnbl
MIMeIoTCA MHAMBUAYabHbIE pa3nnuna B npodune pacnpeaeneHna 4actoT annenen no Bcem nccnegyembim STR-no-
Kycam, Hambornee 3Haunmble 13 KOTOpbIX cnepytowye: B rpynnax TALAS n OSH ans nokyca McM042 B maxopHom
COCTOAHUN HaxoanTcs annenb 87 (35.6 1 45.7 % COOTBETCTBEHHO), B TO BpeMs Kak ans rpynnbl ISSYK-KUL Hanbonb-
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LYo PacnpoCTpaHeHHOCTb nonyynn annenb 95 (36.2 %); ansa nokyca INRAT72 BO Bcex rpynmax Ma>KopHbIM ane-
nem 6bin 154, ofHako B cpaBHeHMU ¢ rpynnoi TALAS ero pacnpocTpaHeHHOCTb 6biia MeHblue B 1.25 (ISSYK-KUL)
n 1.66 (OSH) pa3a - 55.2 1 41.4 % cooTBeTCTBEHHO, a annenu 156 n 158 BcTpeyannch Tonbko B rpynne ISSYK-KUL;
Aana nokyca ETH152 vactota BcTpeyaemoctn annens 186 s rpynne TALAS coctasuna 51.1 %, ana rpynn ISSYK-KUL u
OSH 3HaunTenbHy0 pacnpocTpaHeHHOCTb NpuobpetaeT annenb 190 — 34.5 1 34.3 % cooTBeTCTBEHHO. [py oueHKe
reHeTUYeCcKol noapasfaeneHHoCcT! nccnegyembix Bbibopok KI'M (npum K ot 3 go 10) nokasaHa 0fHOPOAHOCTb CTPYK-
TYpbl — BKNag Kaxzgoro cybknacrepa paBHoLeHHbIN. [pu aHanrnze AMOVA o6Hapy»XeHO, UTO BbIGOPKIM PacnonoeHsbl
paBHoydaneHHo. TaknM 06pa3om, reHeTuyeckoe pasHoobpasme osel, nopogbl KIM cpefn Tpex rocyaapcTBeHHbIX
nnemeHHbIx 3aBofoB Kbiprbi3ckol Pecny6nmkim OCTaTOUHO BbICOKOE 1 COMOCTaBUMOE MeXAy COOON.

KntoueBble CNnoBa: KNPru3cKnii ropHbIi MEPUHOC; reHOTUNUPoBaHue; STR-mapkepbl.

Introduction

The sheep breeds of Kyrgyz mountain merino (KMM) are
common in all regions of the Kyrgyz Republic, which differ
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 the basis of the Kyrgyz fine-wool breed using sheep of
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
of merino fine wool. The sheep are also known for high meat
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
breeding tasks related to the determination of breed affiliation
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
with a high genetic diversity, but local differentiation is also
present, and the differences are significant for a number of
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, INRA0OG,
McMS527, ETH152, CSRD247, OarFCB20, INRA172,
INRA063, MAF065, MAF214, INRA00S5, INRA023, and also
by the AMEL sex-specific locus.

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 (&,), the effective number of alleles
(N,), the levels of expected (H,) and observed (H,) heterozy-
gosity and the Fig coefficient (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-
tic differentiation based on matrices of pairwise Fgr 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: 7 — 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).

optimal number of clusters (AK) in POPHELPER v. 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-
fied in the 12 microsatellite markers studied. The number of
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 %)
were identified, 53.2 % of the total number of identified alleles.
The greatest number of rare alleles was found for the STR
markers CSRD247, INRA023, INRA0OS5, INRA006, MAF214
and OarFCB20.

In order to analyze KMM inbreeding genetic subdivision
bred in three geographically isolated zones, we computed
N,, N, H,, H,, I values and the Fig coefficient, shown in
Table 1.

The mean number of alleles per N, 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. The number of effective N, alleles was the highest in
the OSH sample from the Katta-Taldyk SBF. Shannon index,

A genogeographic study of the Kyrgyz mountain merino
via microsatellite markers

reflecting the complexity of the community structure, averaged
1.657+0.333 with the highest value in the OSH sample from
the Katta-Taldyk SBF. The observed heterozygosity H, as an
indicator of the variability (polymorphism) of the popula-
tion reflecting the proportion of heterozygous genotypes in
the experiment ranged from 0.693 to 0.764. The expected
heterozygosity of H, 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 H, and H, were in OSH from the Katta-Taldyk SBF. The
mean value of Fig 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
the subpopulation was the least significant compared to the
remaining two groups. In general, when comparing N,, N,
H,, H., I and the Fig coefficient, we found no statistically
significant differences between three studied samples as of
the Student’s #-test.

To assess the genetic subdivision of the KMM samples
using STRUCTURE v. 2.3.4, we computed the Q criterion,
which characterized the stratification of each individual ani-
mal in the corresponding group. A O value of 75 % or higher
confirms the individual’s attribution to its cluster. Fig. 2 gra-
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 O
for three samples at K =2 using analysis of variance showed no
statistically significant differences. 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
also have an effect.

Based on the analysis of Fgr genetic distances calculated
using the AMOVA algorithm for 12 STR markers, a PCR graph

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

Sample N, N,
TALAS .................. M ean ................................................ 8 500 ........................
Standar d . dewat,on ......................... 0 774 ........................
| SSYKKUL ............ M ean ................................................ 8 000 ........................
Standar d . dewatlon ......................... 0 769 ........................
OSH ...................... M ean ................................................ 8 417 ........................
Standar d . dewatlon ......................... 0 763 ........................

! Ho He Fis
................... o T
................... L
................... L
................... L
................... U
................... L

Note. N, — No. of different alleles per locus; N, — No. of effective alleles; / - Shannon’s information index; H, — observed heterozygosity; H, — expected hetero-

zygosity; Fis - fixation index.
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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).

was constructed reflecting the mutual similarity/difference of
the studied samples (Fig. 3).

The information presented in Fig. 2 and 3 allows to conclude
that the studied samples of KMM did not differ significantly
from each other. However, each sample had features that arose
from the differences in the allele’s prevalence in the studied
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, INRAOOS5 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 %).

In general, we found individual differences in the distribu-
tion profile of allele frequencies across all the studied STR
loci for each group. The most significant of those were allele
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.
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Component 2

Fig. 3. Results of the analysis of the main components (as of 12 STR-mar-
kers in total).

We also identified specific peculiarities of private alleles.
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, ETHI52, CSRD247,
INRA063, MAF214 and INRAOOS5; and for the INRAOO6
locus, the 124 allele was detected in 7.8 %. Seven private
alleles in five STR markers were identified for sheep from
the Orgochor SBF (ISSYK-KUL), the most common being
INRA172 (allele 156, frequency — 6.9 %) and INRA023 (208,
6.9 %), as opposed to INRA00S5 (147, 5.7 %) for individuals
from the Katta-Taldyk SBF (OSH).

The highest calculated Fgr values are shown for the loci
McMO042, INRA172 and ETHI52, 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

INRA0OS 12.2(113/131/139/141) 8.6 (113/137/145) 11.4(129/133/141/143)
T 33(”4/”8/134) ........................................................... 34(120/134) ..................................... 29(”8/126) ................................
e 100(212/214/218) ........................................................... 34(206/214) ..................................... 57(192/210/212) ........................
INRAGG3 78073179197199) 86(189/199201) 100(187/195/199/201)
T 33(166/168) ................................................................... 86(144/15/162/166)14(168) ........................................
s 44(131/135/137) ........................................................... 52(123/135) ..................................... 57(123/131/137) ........................
MAF214 78(183/221/225/255/261) 103(183/223/225/255) 15.7 (183/225/255/261/269)
AT 89(99/103) ..................................................................... 34(103) ............................................. 71(81/97) ....................................
T 22(158/176) ................................................................... 34(176) ........................................... T
OarFCcB20 8951031113 69(107111/113) 143 (77/83/95/103/107/113)
Table 3. The prevalence of private alleles Fgr values for all loci were not high and did not exceed 0.05
in the KMM studied samples (p<0.001).

sample STR-marker Allele Frequency, % We also conducted a comparative analysis of N, and H,

parameters for KMM and fine-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 VN, in KMM (in the context of
the STR markers studied in this paper) was the maximum in
comparison with other studies. The calculated H, 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) and Kazakh fine-haired
(Kazakhstan) (Ahmed et al., 2014; Szumiec et al., 2018; Dos-
sybayev etal., 2019). The high rates of KMM genetic diversity
are directly related to the multi-stage breeding processes that
this breed underwent during the late XX—early XXI century.

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-
sible to single out a group for which a qualitatively different
(high or low) genetic diversity would be different compared
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 — Fig =
= 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 N, H, Reference
.................................................................................................................. P aklstan
Ka,|(47 ) ................................................................... ” ...................... 5271149 ........................ 0766i0248 .................... Ahmed e t a| 2014 ...................
.................................................................................................................... R uss'a
Grozny(30) ............................................................. ” ...................... 9001114 ........................ 0540i0089 .................... DemSkova eta| 2 016 ..............

An indirect confirmation of the inbreeding processes 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
also identified among the individuals from the Orgochor and
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 individuals) were
determined. The mutant allele frequencies of the sex-linked O (Orange) locus and the three autosomal loci a, W, and /
(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 w9 (White), ta® (Tabby), Ti* (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*TitTa"-). 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 (g(O) = 0.580) is one of the highest in the region, while the
frequency of the a allele (g(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.
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For citation: Kholin S.K. Genetic profile of domestic cat (Felis catus L.) population of Aoshima Island (Japan). Vavilovskii
Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2023;27(2):169-176. DOI 10.18699/VJGB-23-23

F'eHeTMYeCKu IIpod@ b MOMYJISLIN JOMAaIIHEl KOIIKN
(Felis catus L.) ocTpoBa AoiiiMa (SITIoHM)

C.K. Xoaun

DefiepanbHblii HayYHbIN LEeHTP 6ruopa3Hoobpasmnsa HazemMHo 61oTbl BocTouHol A3nn [lanbHEBOCTOYHOIO OTAeNneHns Poccuinickon akagemmm Hayk,
BnapgusocTtok, Poccnsa
® h.axyridis@mail.ru

AHHoTayumA. MNpoaHann3npoBaH reHeTYecKnin Npodunb NONYIALUN AOMALLHEN KOLWKN ocTpoBa Aowrma (AnoHus).
MonynAuua BO3HMKNA B cepefiviHe NMPOLUIOro Beka B pe3ysibTaTe 3aB03a HEGOJbLION rPymbl >KMBOTHBIX AN 60PbObI
¢ rpbisyHamu. Mo Tpem doTorpadusam onpeaeneH GEHOTUNMYECKUIA COCTaB FPyMn XMUBOTHbIX (75, 56 1 70 ocobel).
PaccunTaHbl YaCcTOTbl MyTaHTHbBIX annenel cLenaeHHoro ¢ Nonom fokKyca Orange 1 Tpex ayTOCOMHbIX TOKYCoB (Auguti,
White n Long hair), oTBeuatoLmnx 3a OKpacKy 1 ANUHY WepCcTr. B nonynAaumMm oTcyTCTBYIOT MyTaHTHble annenu d (MoKyc
Dilution), W v w9 (White), ta® (Tabby), Ti* (Ticked), oTMeueHHble B fpyrix nonynauusax AnoHun. OeHoTUNNYeCcKN 3To
npakTUyeckn MoHomopdHaa nonynAuMa ¢ npeobnagaowm 60NbLWMHCTBOM PbIKUX M YepenaxoBbix ocoben. bonb-
LWMHCTBO KOLLEK MMEIOT NpepBaHHble nonocs (reHotun TitTitTaM-). Monynauma ocTpoBa pesko oTanyaeTcs oT ocTanb-
HbIX NOMYNALNA OCTPOBOB ANOHMM NO YacToTam ABYX MyTaHTHbIX annenen, O n a. Yactota annena O (q(O) = 0.580) —
OflHa 13 CaMblIX BbICOKUNX YacCTOT B PErMoHe, a annens da (q(a) = 0.276) — MeHbLLe B [1Ba pa3a, Yem B Apyrux NonynAumsx.
B oboux ciyyasax oTnanumMe OT YacTOT B OKPYKatoLMX NOPTOBbIX MNOMNYNALMAX CTaTUCTUYECKN 3Hauumo (p < 0.0001).
[eHeTnYeCKnIn COCTaB, YaCTOTbl MyTaHTHbIX annener B NonynAaLun N XxapakTep ee NPOVCXOXKAEHNA YKa3blBaloT Ha 3Ha-
ynTenbHoe BAMAHUe ddPeKTa OCHOBATENA HA FEHETNYECKYIO CTPYKTYpPY MONynALMM AOMALLHEN KOLWKN 0-Ba AoLivMa.
HezaBucumoe vccnegoBaHune nonynAaumm Kolek o-Ba AoluMa 0O6Hapy»KUNO CXOAHYI0 FeHeTUYeCKyto CTPYKTypy. Oa-
HaKo B NONynALMN HaliAeHbl 0cobu, HocuTenun annens d. BO3MOXHO, 3TO MOXeT 6bITb BbI3BaHO Pa3fMunAMUN B MeTO-
Avike onpefeneHmns GeHoTrNa Taknx Kolek. YacToTa annensa a ctatucTmyecky 3Haummo Bblwe (0.534 npotus 0.276,
p < 0.020). Bce 370, ogHaKo, He BNUAET Ha 06LWMIN BbIBOA O AelcTBUM 3ddeKTa ocHOBaTeNA Npyi BOSHUKHOBEHUN NO-
NyNALMK KOLLEK 3TOro OCTPOBa.

KntoueBble cnoBa: Felis catus; reHeTnyecknii npodunb; ocTpoBa; 3pdeKT ocHoBaTens; ANoHUA.
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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; Schiiler,
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. H. Todd and
P. 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
phenotype 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 cats'. 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.

T https://www.nippon.com/ru/behind/fnn20181019001/?pnum=2. Last ac-
cessed March 12, 2023.
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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)? 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)*. Each photograph
was considered a separate sample from the same set of cats
to estimate the stability 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 () and
Long hair (1) (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 ta? allele producing marble
coloration (Blotched tabby). Most of the cats had inter-
rupted stripes (genotype 7i*TitTaM-). The cats carrying
the dominant 7i4 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 7i4
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.
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Aoshima cats selected as samples A and B (source: Reuters/Pixstream).
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W

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

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

Locus Mutant allele Phenotype Genotype Note

Orange 0] Red 00 and OY Cream in presence of dd genotype
Tortoiseshell Oo

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

Tabby TaM Striped Ti*Ti*TaMTa- Not expressed in presence of aa genotype
Spotted TitTi*TaMTa-+
modifier gene
Tab Marble Ti*Ti*tabtab
Ticked TiA Abyssinian TiATiATaM- Not expressed in presence of aa genotype
or ticked or TiATi*TaM-
White w Dominant white WW nnn W- Epistatic to all other genotypes
ws Piebald WSWSwnun Ws-
w9 Gloving wawg

or ‘White socks’
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However, modern data indicate that they are semi-dominant
(WS) 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€ (Gloving) producing ‘white socks’ in homozygous
cats. None of the examined photos show the cats carrying
any of the two last alleles (w€ or V).

The frequencies of recessive alleles (¢) were calculated
as the square root of the frequencies of the corresponding
phenotypes, and of dominant (p) —asp=1-gq.

)
The standard errors (SE) were calculated as ! 43

and \f%, 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

_2atb

q= o
was applied where a and b are the numbers of red (genotype
O/-) and tortoiseshell (O/+) cats, and 7 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 algorithmg,, ; =¢,+ %Var(qi) was used,
i
here 4L__a ,at+tb ¢ b+tc
where dg l+gq g 2-q 1-¢q
1 _ q ,3-9,.1-9,2%q
Var(q) O'SN{1+q 2—-q l—qFf

Its SE was calculated as +/ Var(q).

To estimate the random mating (panmixia), the expected
numerical ratio of genotypes a, b and ¢ was estimated using
the formulas: 0.5¢n(1+¢q), gn(1—¢q) u 0.5n(2—¢q)(1—¢q),
respectively.
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Testing of the statistical hypotheses was carried out using
the y2- and G-tests, the last having a distribution similar
to that of y? but being more convenient for analyzing
contingency tables. Pairwise comparison of samples for
individual loci was carried out using the y2-test and the
arcsine-transformation of the allele frequencies (Zhivotov-
sky, 1991).

To assess the genetic differentiation of F and G
(Kuznetsov, 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 (%> = 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 allele O
frequency (0.580) in Aoshima was two or more times higher
than in neighboring populations (¢(O) = 0.232 (0.154—
0.412)), and the frequencies throughout Japan (¢(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 (¢(a) = 0.691 (0.614—0.783)) and throughout
Japan (g(a) = 0.697 (0.463-0.839)), (p < 0.0001). Allele /

Table 2. Observed and expected genotype ratios of the Orange locus; the results of the y?-test for panmixia;
and the estimate of O allele frequency (g(0)) in the samples from the Aoshima Island

Sample

Genotypes ratio

Genotype

Note.”~"means the state of the second allele is unknown; * means p > 0.20 in all cases.
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Genetic profile of domestic cat (Felis catus L.)
population of Aoshima Island (Japan)

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

Genotype Sample Phenotype frequency  Average allele

............................................................................................................................................... homogeneity criterion, frequency,

A B C q+SE

Obs. q+SE Obs. q+SE Obs. q+SE G, p

df=2

wa 339 0277£0077 330 031640087 2/36 02350081 0218 089 02760081
+/_ ............... 36/39 ...................................... 27/30 ...................................... 34/36 ...............................................................................................................
WS- 40/63 03960050 2539  0401+0064 32/66 02820043 1830 0401 036040052
+/+ ............... 23/63 ...................................... 14/39 ...................................... 34/66 ...............................................................................................................
/A 475 023120056 4/56 02670064 670  0293£0057 0400 0818 02640062
+/_ ............... 7] /75 ...................................... 52/56 ...................................... 64/70 ...............................................................................................................
Table 4. Indices of genetic differentiation between the insular and “mainland” populations
Index Orange Agouti White Long hair Total
Fst .................................... 0156 ............................... 0181 ................................ 0039 ............................... 0008 ............................... 0106 ..............................
Gst .................................... 0152 ............................... 0175 ............................... 0035 ............................... 0004 ............................... 0101 ...............................

frequency (0.264) fit into the range of variability in the
surrounding populations (¢(/) =0.214 (0.117-0.307)) and
all Japanese islands (¢(/) = 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¢ 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 (¢ = 0.456
(0.346-0.523)) and fit within the variability range for all
the Japanese islands (g = 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-
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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
deliberately 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
fishing 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 za® 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 K. Nozawa, 2019 X2 p

O ............................................. 0580 ........................................ 0568 ........................................ 0020 ........................................ 0886 ......................................
a ............................................. 0276 ........................................ 0534 ........................................ 5742 ........................................ 0016 ......................................
d ............................................. e 0204 ........................................ S S
Ws .......................................... 0360 ........................................ 0333 ........................................ 0101 ........................................ 0750 ......................................
/ .............................................. 0264 ........................................ 0312 ........................................ 0391 ........................................ 0532 ......................................

Kawamoto, 2013). However, in the Aoshima population
there are still no cats with the “marble” phenotype homo-
zygous for the ta’ 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
comparable 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 (¢(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
and density of dopaminergic neurons in the ventral
tegmental area in Clsnt2-KO mice
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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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VI3MeHeHNs B COLIMaJIbHOM ITpeANOUYTEeHIN MeCTa
1 IIJIOTHOCTh Ao aMMHePTrUecKx HelipoHOB
B BeHTpaJibHOM TerMeHTyMe vV Clsnt2-KO mbliieii

VLH. Poxxosal, C.B. Oxotpy6!, E.IO. Bpyceriies!, E.E. Yabaanosal, D.A. Uyitko!, B.A. Hanmpumepos’ 2, T.B. Aurmna?,
T.I. AMctucaaBckas?, C.5. Amctucaasckuit! @

T depepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTATYT LMTONOTUM 1 reHeTrKi CUGUPCKOTo oTAeNeHUs Poccuiickoi akaaemun Hayk, HoBocu6npck, Poccusa
2 HoBocnbrpcKkmii rocyaapCcTBEHHbIN arpapHbii yHuBepcuTteT, HoBocnbupck, Poccna

3 YHusepcuteT TopoHTo, TopoHTO, KaHapa

4 HayuHo-nccnenoBaTenbCKuin UHCTUTYT HelpoHayK U MeanLMHbI CUBUPCKOro oTaeneHns POCciickol akaaemun Hayk, HoBocubupck, Poccus
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AHHoOTayusa. B Mupe HabnogaeTca pocT ciydyaeB paccTponcTs ayTuctuyeckoro cnektpa (PAC). MiccnegoBaHue mexaHums-
MOB U NMPUYMH BO3HUKHOBEHUA PAC, a TakKe MOUCK MULLEHEN AN1A Tepanmnm STUX PacCTPONCTB ABNAIOTCA akTyaslbHOW 3aja-
Yeir. MHOrve nccnepoBaTtenn CXOAATCA BO MHEHWM, YTO BO3HUKHOBEHME ayTH3Ma CBA3aHO C HapyLUeHeM pa3BUTUA HepB-
Hol cucTembl. JTuHMA mbiwei Clstn2-KO, HokayTOB MO reHy KaslbCUHTEHWH-2, NofyyeHHas Ha ocHoee C57BL/6J, mogenvpyet
cumnTombl PAC. [laHHOe uccnefoBaHyie 6bin0 HanpaeneHo Ha usyyeHue y camuos Clstn2-KO coumanbHoro npegnoyteHus
MecTa ¥ NAOTHOCTU AodaMVHEPrMYecKrX HEMPOHOB B BEHTPaslbHOM TErMEHTYME, KOTOPbI npefcTaBniAeT coboi YacTb
CUCTeMbl BO3HArpaXkAeHusa rofloBHOFO MO3ra, B CPaBHEHWW C KOHTPOJIbHOW nnHMen mbiwein C57BL/6J grkoro Tina. Tect
«coumanbHO 06yCIoBlIeHHOE NpenoYTeHNE MeCTa» OTPakaeT coLmarnbHOe BO3HarpaxaeHve. Pesynbtatbl 3Toro Tecta no-
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Social behavior and density of dopaminergic neurons
in the ventral tegmental area in Clsnt2-KO mice

Kasanu, yto y camuos Clstn2-KO HabniopaloTca OTKIOHEHMA OT KOHTPOJIbHBIX Mbillei B COLMANbHOM BO3HarpakaeHuu,
TaK Kak OHV NPOBOAUIM OAUHAKOBOE BpeMs B 060MX OTCEKaxX YCTaHOBKU, aCCOLMUPOBaHHbIX 60 ¢ usonaumen, nnbo ¢
coupranusaumei co 3HakoMblM NapTHeEPOM. MNpur 3ToM xMBOTHbIE 13 rpynnbl Clstn2-KO 3axogunu B 06e yacTvi Kamepbl 3Ha-
YNTENbHO Yalle, HO NPOBOAWN MeHbLLE BPeMeH B COLManbHO-aCCoOLMMPOBAHHOM OTCEKE MO CPaBHEHNIO C KOHTPOJTbHOM
rpynnoi. Camubl KOHTPOsSIbHOW NMHKUK C57BL/6J, HanpoTuB, NpoBoAMAN Gonblle BPeMeHU B OTCeKe, acCOLMUPOBAHHOM C
coumranusaumen, rae 6b110 B3aUMOAENCTBIE C COPOAMYEM, U MEHbLLE B OTCEKE, B KOTOPOM paHee 0cobb HaXxoAmnach B OAN-
HouecTBe. B BeHTpanbHOM TerMeHTyMe, OTBeYaloLeM 3a NPOoLLeCChl, CBA3aHHbIe C BO3HarpaxaeHuem, y moiwwein Clstn2-KO
6bl1I0 OO6HAPY>KEHO MOBBILEHHOE YMCIO AOdaMUHEPTUYECKUX HEMPOHOB U1, BO3MOXHO, TAMK-epruyecknx HelpoHOB,
MeYeHHbIX aHTUTeNaMn NPoTnB p,Od)aMVIHOBOFO peuenTtopa BTOPOro tuna 1 TUPO3NHIMapoOKcuiasbl. Ha ocHoBaHuu no-
NYYEHHbIX PE3YNbTAaTOB MOXKHO 3aKIOUNTb, UTO Y Mblwel Clstn2-KO nmeet MecTo M3MEHEeHNe 3HaYMMOCTN COLUaNbHOro
BO3HarpakfeHus, a Takke o6HapyeHO NOBbILEHHOE YMCSIO HENPOHOB, SKCNpeccupyLmx odamrHoBbIe peLenTopbl
BTOPOrO TUMa 1 TUPO3NHINAPOKCWNA3Y, B OfHOW M3 BaXKHbIX CTPYKTYP Me3onnmbrnyeckoro sgodammHeprnyeckoro nytm —
BEHTPaJIbHOM TerMeHTYMe, KOTOPbIV ABAETCA YaCTblo CUCTEMbI BO3HArpaxaeHus.

KnioueBble cnosa: mbiwm Clstn2-KO; coumanbHoe BO3HarpakaeHne; Mo3r; BEHTpasibHbIN TerMeHTYM; fodaMuHeprmyeckme

HEeNpPOHbI.

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).
Calcintenin-1, -2 and -3 (Clstnl, 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 etal., 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 (Clstn2-KO) mouse strain based on C57BL/6] 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
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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/punishment, 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 co-transmission, i. e. the ability
to release various neurotransmitters, in particular, dopamine,
glutamate, and GABA (Rootetal., 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 non-social 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 ASD-like 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 Cistn2
knockout mice (Clstn2-KO), 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 X 25 x 14 cm (length x 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
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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
non-related 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 20-minute 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 pL (per 10 g of
weight) medetomidine hydrochloride (Meditin, 1 mg/ml; API-
SAN, Russia) and 60 pL (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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corresponds to the area of the VTA. Sections 10 um 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 pL 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 — anti-D2R-AF647 sc-5303 (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 10000 um? (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 (10000 um?). The average number of cells
from three sections for each animal and the average volume
density (mm?®) 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 W-test. Data on the behavioral parameters are
presented as mean=standard error of the mean (M+SEM).
Comparison between groups was performed using Student’s
t-test. 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.

Social-conditioned place preference

Social behavior and density of dopaminergic neurons
in the ventral tegmental area in Clsnt2-KO mice

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, Clstn2-KO 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 social-conditioned 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 social-conditioned place preference test, Clstn2-KO 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

Parameters

Strain (number of males)

*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/6.
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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/6..
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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 DIR in the striatum, a sharp decrease in D2R func-
tions was observed upon activation of DA neurons (Squillace
etal., 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 etal., 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
Clstn2-KO mice (Lipina et al., 2016), which was corroborated
in the current work by the increased frequency of entering of
the compartments in the social-conditioned 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 etal., 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
depression-like behavior, which were studied in the social-
conditioned place preference test, unlike Clstn2-KO mice,
preferred the compartment associated with isolation (Lipina
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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 Clstn2-KO 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
Cistn2 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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