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Cnbupckoe otaeneHne Poccniickon akagemmm Hayk

MepepanbHoe rocyfapcTBEHHOe B10AKETHOE HayUHoe yupexaeHve «DefepanbHblii NCCNIeA0BATENbCKUI LLEHTP
WHCTWTYT umTonoruv n reHeTmkn CMbupckoro otaeneHns POCCMNCKON akageMum HayK»

MexxpernoHasnbHas obLecTBeHHasa opraHn3aLysa BaBunosckoe o6LLecTBO reHETUKOB 1 CeNleKLMOHEPOB

naBHbIN pepgakTop

A.B. Kovemos - akapemuik PAH, a-p 6vion. Hayk (Poccus)

3amecTuTenu rnaBHoro peaakTopa

H.A. KonyaHoe - akagemunk PAH, o-p 6uon. Hayk, npodeccop (Poccus)

W.H. JleoHosa — p-p 6uon. Hayk (Poccus)
H.b. Py6yoe — o-p 6ron. Hayk, npodeccop (Poccums)

B.K. LlymHell — akapemuk PAH, o-p 6ron. Hayk, npodeccop (Poccus)

OTBETCTBEHHDbIN CEKpeTapb
IB. Opnioga — KaHg. 6uon. Hayk (Poccun)

PepakuynoHHasa Konnerusa

E.E. AHOpoHO8 — KaHf. 6uon. Hayk (Poccus)

10.C. Aynbuerko — o-p 6uon. Hayk (Poccus)

O.C. AppaHaceHko — akapemuk PAH, a-p 6uon. Hayk (Poccus)
[.A. ApoHHUKOB — KaHf. 6uon. HayK, foueHT (Poccus)

JL.U. ApmaHac - akagemuk PAH, a-p mep. Hayk (PoccuA)

J1.A. becnanosa - akagemuk PAH, o-p c.-x. Hayk (Poccus)

A. bépHep — p-p Hayk (TepmaHus)

H.I1. boHOape — KaHA. 6uon. Hayk (Poccus)

C.A. bopuHckasa — p-p 6ron. Hayk (Poccusn)

.M. bopoouH - p-p 6ron. Hayk, npoo. (PoccusA)

A.B. Bacusnves — un.-kop. PAH, a-p 6uon. Hayk (Poccus)

M.U. Boesoda — akapemuik PAH, o-p men. Hayk (Poccus)

T.A. [agpuneHko — a-p 6uon. Hayk (Poccua)

U. [pocce - p-p HaykK, npod. (fepmaHms)

H.E. [pyHmeHkKo — f-p 6uon. Hayk (Poccus)

C.A. Jlemakos — f-p 6uon. Hayk (Poccus)

W.K. 3axapoe - p-p 6uon. Hayk, npood. (Poccua)

W.A. 3axapos-lesexyc — un.-kop. PAH, g-p 6uon. Hayk (Poccus)
C.I. Inze-Beumomos — akagemuk PAH, o-p 6uon. Hayk (Poccus)
A.B. Kunbyesckuti — un.-kop. HAHB, o-p 6uon. Hayk (Benapycb)
C.B. Kocmpos — un.-kop. PAH, o-p xum. Hayk (Poccusn)

A.M. Kyopssyes — un.-kop. PAH, a-p 6mnon. Hayk (Poccus)

W.H. Jlagpuk — p-p 6mon. Hayk (fepmaHus)

A.M. JlapkuH — kaHg. 6vion. Hayk (BenukobpuTtaHus)

XK. Jle [yu — p-p Hayk (DpaHuuA)

W.H. Jle6edes — p-p 6uon. Hayk, npod. (Poccus)

J1.A. Jlymoea — p-p 6uon. Hayk, npod. (Poccun)

b. JlmemeHb6epe — p-p Hayk, npod. (Hnaepnanabi)

B.fO. Makees - un.-kop. PAH, a-p ¢u3.-maT. Hayk (Poccms)
B.M. MonoouH — akapemuk PAH, g-p ucT. Hayk (Poccusn)
M.I1. MowkuH — g-p 6uon. Hayk, npoo. (Poccus)

C.P. Mypcanumos — KaHg. 6uon. Hayk (Poccus)

J1.10. Hosukosa — p-p c.-x. Hayk (Poccus)

E.K. [TomokuHa - A-p 6uon. Hayk (Poccua)

B.I1. My3bipes — akagemuk PAH, o-p mep. Hayk (Poccus)
A.B. MeiwHs1l - un.-kop. PAH, a-p xum. Hayk (Poccus)

U.b. Po2o3uH — KaHg. 6uon. Hayk (CLLA)

A.O. PysuHckuli — p-p 6uon. Hayk, npood. (ABcTpanus)

E.fO. Peikoga — p-p 6uon. Hayk (Poccus)

E.A. CanuHa - o-p 6uon. Hayk, npod. (Poccus)

B.A. CmenaHos - akagemuk PAH, a-p 6von. Hayk (Poccus)
W.A. TuxoHosuY — akafiemuk PAH, g-p 6uon. Hayk (Poccus)
E.K. XnecmkuHa — g-p 6uon. Hayk, npod. PAH (Poccus)
3.K. XycHymouHoga - a-p 6von. Hayk, npod. (Poccus)

M. YeH — p-p 6mon. Hayk (KuTaiickas HapopHasa Pecny6nuka)
I0.H. lLlaspykoe — f-p 6uon. Hayk (ABCTpanms)

PU. Wediko - un.-kop. HAHB, a-p c.-x. Hayk (benapycb)
C.B. lllecmakos — akagemuk PAH, o-p 6uon. Hayk (Poccus)
H.K. AHkosckuli — akagemuk PAH, o-p 6uon. Hayk (Poccus)
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Assessment of the genetic diversity of the alleles
of gliadin-coding loci in common wheat (Triticum aestivum L.)
collections in Kazakhstan and Russia

M.U. Utebayev

1®), S.M. Dashkevich ()1, 0.0. Kradetskaya ()1, LV. Chilimova (!, N.A. Bome ()2

T Al Barayev Research and Production Centre of Grain Farming, Shortandy-1, Akmola Region, Kazakhstan
2 University of Tyumen, Tyumen, Russia

@ phytochem@yandex.ru

Abstract. The study of genetic resources using prolamin polymorphism in wheat cultivars from countries with different cli-
matic conditions makes it possible to identify and trace the preference for the selection of the alleles of gliadine-coding loci
characteristic of specific conditions. The aim of the study was to determine the “gliadin profile” of the collection of common
wheat (Triticum aestivum L.) from breeding centers in Russia and Kazakhstan by studying the genetic diversity of allelic va-
riants of gliadin-coding loci. Intrapopulation (u £ S,) and genetic (H) diversity, the proportion of rare alleles (h £ S), identity
criterion (/) and genetic similarity (r) of common wheat from eight breeding centers in Russia and Kazakhstan have been
calculated. It has been ascertained that the samples of common wheat bred in Kostanay region (Karabalyk Agricultural
Experimental Station, Kazakhstan) and Chelyabinsk region (Chelyabinsk Research Institute of Agriculture, Russia) had the
highest intrapopulation diversity of gliadin alleles. The proportion of rare alleles (h) at G/i-B1 and Gli-D1 loci was the highest
in the wheat cultivars bred by the Federal Center of Agriculture Research of the South-East Region (Saratov region, Russia),
which is explained by a high frequency of occurrence of Gli-B1e (86 %) and Gli-D1a (89.9 %) alleles. Based on identity crite-
rion (/), the studied samples of common wheat from different regions of Kazakhstan and Russia have differences in gliadin-
coding loci. The highest value of /| = 619.0 was found when comparing wheat samples originated from Kostanay and Saratov
regions, and the lowest / = 114.4, for wheat cultivars from Tyumen and Chelyabinsk regions. Some region-specific gliadin
alleles in wheat samples have been identified. A combination of Gli-A1f, Gli-B1e and Gli-Da alleles has been identified in the
majority of wheat samples from Kazakhstan and Russia. Alleles (Gli-A1f, Gli-Ali, Gli-A1m, Gli-Alo, Gli-Ble, Gli-D1a, Gli-D1f,
Gli-A2q, Gli-B20, and Gli-D2a) turned out to be characteristic and were found with varying frequency in wheat cultivars in
eight regions of Russia and Kazakhstan. The highest intravarietal polymorphism (51.1 %) was observed in wheat cultivars
bred in Omsk region (Russia) and the lowest (16.6 %), in Pavlodar region (Kazakhstan). On the basis of the allele frequencies,
a “gliadin profile” of wheat from various regions and breeding institutions of Russia and Kazakhstan was compiled, which
can be used for the selection of parent pairs in the breeding process, the control of cultivars during reproduction, as well
as for assessing varietal purity.

Key words: gliadin-coding loci; genetic diversity; genetic similarity; common wheat; electrophoresis.

For citation: Utebayev M.U., Dashkevich S.M., Kradetskaya O.0., Chilimova I.V., Bome N.A. Assessment of the genetic diver-
sity of the alleles of gliadin-coding loci in common wheat (Triticum aestivum L.) collections in Kazakhstan and Russia. Vavi-
lovskii Zhurnal Genetiki i Selektsii= Vavilov Journal of Genetics and Breeding. 2024;28(3):263-275. DOI 10.18699/vjgb-24-31

Funding. This study has financial support from the Ministry of Agriculture of the Republic of Kazakhstan: BR10764908
“To develop an agriculture system for the cultivation of agricultural crops (cereals, legumes, oilseeds and industrial crops)
with the use of cultivation technology elements, differentiated nutrition, plant protection products and equipment for
cost-effective production based on a comparative study of various cultivation technologies for the regions of Kazakhstan’.

O1lleHKa reHeT4YeCKOro pasHooopasus

IINAAVHKOOVPVIOIIVX JIOKYCOB V 00pa31ioB SIPOBO MILIEHMIIbI
(Triticum aestivum L.), CO3[IaHHBIX B pa3JIMUYHbIX
Ce/leKIIMOHHbIX ITeHTpax Ka3axcraHa u Poccun

M.Y. VrebaeB

1@,C.M. AaikeBuy 1 0.0. Kpaaeuxkas L Y1.B. Yuaumona (9!, H.A. Bome (11)2

1 Hay4Ho-npor3BOACTBEHHDIN LIEHTP 3epHOBOTO X03aincTBa M. A.W. bapaesa, noc. LopTaHapbl-1, AKMONMHCKasa 06nacTb, KazaxctaH
2 TiomeHcKuit rocyfapcTBeHHbIi yHuBepcuTeT, TiomeHb, Poccna

@ phytochem@yandex.ru

AHHOTaLMA. M3yyeHne reHeTnyeCcKnx pecypcoB C MCMosb30BaHMeM NoimmMopdusma nposiaMmmHoB COPTO06Pa3sLOB MiLeHN-
Libl 13 CTPaH C Pa3fIMYHbIMU KIMMATUYECKUMU YCIIOBUAMU NO3BOJIAET BbIABUTb 1 NPOCEANTb NPefnoyTMTeNlbHOCTb 0TOO-
pa annenen rMmaguHKOANPYIOLWMX NIOKYCOB, XapaKTepHbIX AN KOHKPETHbIX ycoBuid. Llenb nccnepoBaHusa — onpegenutb
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Genetic diversity of the alleles of gliadin-coding loci
in wheat varieties from Kazakhstan’s and Russia’s collections

«TIMAAUHOBBIN NPOdUb» KONMNEKLUN APOBOI MArKon nweHuubl (Triticum aestivum L.) N3 cenekumMoHHbIX LeHTpoB Poccnn
1 KasaxcTaHa Ha OCHOBe M3yYeHUsi FeHETUUYECKOro Pa3HOO6pasmns anfienbHbIX BapUaHTOB MNAgUHKOLVPYIOLNX JIOKYCOB.
lpoBeaeH pacyeT BHYTPUNONYNALUOHHOTO (U + Su) 1 reHeTnyeckoro (H) pasHoobpasusa, aonuv peakux annenen (h+S,), Kpu-
TepUA NAEHTUYHOCTH (/) N reHEeTUYECKOro CXOACTBA (1) APOBOI MAFKOW MLWEHWLbl 13 BOCbMI CENEeKLMOHHbIX LIeHTpoB Poccun
1 KaszaxcTtaHa. YcTaHOBNEHO, YTO HanboNbLIMM BHYTPUNOMYAALNOHHBIM pa3Hoobpasvem annenen rmmaguHa oTinyanmncb
06pasLbl APOBOI MATKOW NIWEeHNLbl, CO3AaHHble B KocTaHackom (Kapabanbikckaa CXOC, KazaxctaH) n YenabuHckon (Yens-
6uHckunin HUNCX, Poccuns) obnactsx. Jons pepkvx anneneii (h) no nokycam Gli-B1 v Gli-D1 oka3anacb MakciMasibHO y COPTOB
nweHmnubl cenekumm HUUCX IOro-Boctoka (CapaTtoBcKas 0651acTb, Poccuis), UTo 06bACHAETCA BbICOKOW YacTOTOW BCTpeYae-
mocTv annenen Gli-Ble (86 %) n Gli-D1a (89.9 %). CTaTUCTMUECKU JOKa3aHO, YTO M3yUeHHble 06pa3Libl APOBOI MATKON Miue-
HULbI 13 pa3Hbx obnacTeln KasaxctaHa u Poccum otnnyatoTca gpyr oT gpyra no rvagvHKOAUPYOLWYM JIOKYCaM Ha OCHOBeE
KpuTtepua naeHTnyHoct (/). Hanbonbluee 3HaueHne | = 619.0 ycTaHOBNEHO NpW CPaBHEHMN 06Pa3L0B MLLEeHNLbl, TPOUCXO-
aawmx ns KoctaHarickon n CapaTtoBcko obnacter, a MUMHUManbHoe | = 114.4 0TMeuYeHo A1 COPTOB MLUEHNLbI 13 TIOMEHCKOW
1 YenabuHckoii obnacteii. BolABneHbl annenv rmmagmHa, Kotopble 66111 MAeHTUOULMPOBaHbI TONIbKO 06pa3Lax, Co34aHHbIX
B onpepeneHHbIx pernoHax. CouetaHune annenein Gli-A1f, Gli-Ble, Gli-Da npeHTnduurpoBaHo y 60MbWMHCTBa 06pa3LoB
nweHunubl KazaxctaHa n Poccun. Annenn Gli-AT1f, Gli-Ali, Gli-A1m, Gli-Alo, Gli-B1e, Gli-D1a, Gli-D1f, Gli-A2q, Gli-B2o v Gli-D2a
OKa3anncb XapakTePHbIMU 1 C Pa3/IMYHON YaCTOTOMN BCTPEYaNVChb B COPTaX MLIEHMLbl BOCbMU obnacTein Poccum n KasaxcTa-
Ha. Han6onbLwmin BHYTprcopToBoi nonumopdusm (51.1 %) Habnopanca y coptos nweHunubl cenekuymmn CM6HUNCX (Omckas
obnactb, Poccusa), a HanmeHblni (16.6 %) — y obpasuos Maenogapckon CXOC (MaBnogapckasa obnactb, KasaxctaH). Ha
OCHOBE YacCTOT BCTPEUYAEMOCTY annenein COCTaBNeH «IMUASVNHOBBIN NPOdUb» MIEHNLbl U3 pa3HbiX obnacTein U cenek-
LIMOHHBIX yupexaeHuii Poccum n KaszaxctaHa, KOTOpbIi MOXET ObITb 1CMOMb30BaH Af1A Nog6opa poAnTeNbCKNUX Nap B ce-
NEeKUMOHHOM MpoLecce, KOHTPOJe COPTOB NPU PENPOAYKLMY, a TakXKe ANIA YCTaHOBMIEHNA COPTOBOW YMCTOTbI.

KnioueBble csioBa: rvagvHKOAUPYIOWME JIOKYCbl; FEHETMYECKOe pa3HOOOpasMe; reHeTMYeckoe CXOACTBO; MArkas

nweHnLa; anekTpodopes.

Introduction

Over the decades, scientists have found that the use of elec-
trophoresis of the wheat storage protein, gliadin, is one of the
methods that make it possible to distinguish cultivars from
each other (Autran et al., 1979; Watry et al., 2020). Differences
in gliadin spectra are associated with the presence of allelic
diversity of genes localized at the main loci: Gli-A1, Gli-B1,
Gli-D1, Gli-A2, Gli-B2, Gli-D2. Locus alleles control the
synthesis of several gliadin components, which are inherited
linked together and form a block. At the same time, gliadin
blocks may differ from each other in the number, intensity,
electrophoretic mobility and molecular weight of the compo-
nents (Sozinov, Poperelya, 1980).

Based on the study of the world wheat collection, allelic
blocks of gliadin were identified and cataloged for common
wheat (Metakovsky et al., 2018) and durum wheat (Melnikova
etal., 2012). It has been established that the cultivars created
in different breeding centers can be similar to each other in
some alleles of gliadin-coding loci (Novoselskaya-Dragovich
et al., 2011; Melnikova et al., 2012), despite the fact that no
special allele selection was performed. The reason for this
is probably the linkage of these alleles with genes or groups
of genes that affect the selection-relevant traits of wheat
(Xynias et al., 2006); it may also be due to the involvement
in the breeding process of the same genotype (“masterpiece
cultivar”), valuable for many biological and economic traits,
such as: Saratovskaya 29, Bezostaya 1, Mironovskaya 808, etc.
Therefore, frequently occurring gliadin alleles in the samples
created for specific climatic conditions can be used in the
identification of cultivars and as markers of valuable traits in
the breeding process, such as grain qualities and resistance to
abiotic factors (Sozinov, 1985).

The data obtained on the basis of the polymorphism of
storage proteins may not be inferior in informativeness to
DNA markers. An additional advantage of using such mar-
kers for plant breeding is inexpensive equipment and ease of

analysis. The analysis of the prolamins composition is still
used in the identification of crop cultivars, i. e. alfalfa (Kakaei,
Ahmadian, 2021), millet (Ma et al., 2022) and rice (Kaur et
al., 2023), in the study of genetic control of the synthesis of
storage proteins in oats (Lyubimova et al., 2020). The method
of electrophoresis of storage proteins is recommended for use
in the identification of varietal material in the UPOV rules for
barley (Barley, UPOV Code(s)..., 2018) and wheat (Wheat,
UPOV Code(s)..., 2022). For the identification and registra-
tion of wheat samples created in the Russian Federation, a
methodological guide for electrophoresis of storage proteins
has been published (Laboratory Analysis..., 2013). The use
of the electrophoresis method for the identification of wheat
cultivars is prescribed in the state standard of the Republic
of Kazakhstan (ST RK, 2018) and the Republic of Mali
(MN-01-03, 2001).

The results of the studies of wheat based on protein poly-
morphism can become the basis for a strategy for selecting
genotypes with a certain combination of gliadin alleles. At
the same time, the study of genetic resources based on the
polymorphism of wheat prolamins from countries with dif-
ferent climatic conditions makes it possible to identify and
trace the preference for selection and to establish the gliadin
“profile” of the cultivar characteristic of specific conditions.
In previous studies, the predominant or “leading” alleles of
wheat prolamins characteristic of Northern Kazakhstan and
Russia have been identified (Utebayev et al., 2016, 2019a,
2021, 2022). However, it is important to determine the glia-
din spectrum of common wheat, which is characteristic of a
specific breeding institution in Kazakhstan and Russia. Such
information reflects the direction of breeding, the intensity of
involvement of wheat genotypes from other breeding institu-
tions, and the likelihood of “genetic erosion”.

In this regard, the aim of the study is to determine the
characteristic “gliadin profile” of common wheat (7riticum
aestivum L.) samples created in various breeding centers in
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Russia and Kazakhstan, based on the study and statistical
calculation of the genetic diversity of allelic variants of glia-
din-coding loci.

Materials and methods

The object of study was 347 (177 Russian and 170 Kazakh)
cultivars and breeding lines of common wheat (Supplemen-
tary Material 1), the gliadin spectra of which were described
and published earlier (Dobrotvorskaya et al., 2009; Novosel-
skaya-Dragovich et al., 2013; Utebayev et al., 2016, 2019a,
2022).

Unfortunately, it was not possible to carry out a temporal
periodization by years of creation for all cultivars and breeding
lines. Therefore, the calculations were based on the principle
of belonging of a particular sample to a breeding institution
(region). The genetic formulas of gliadin from common wheat
samples created in ten breeding institutions in Russia and
Kazakhstan were analyzed (see Supplementary Material 1).
In addition, the electrophoresis of gliadin of a new cultivar
Tselinnaya Niva (Akmola region) was carried out, the formula
of which was included in the total number of analyzed wheat
samples. Gliadin spectra of wheat were obtained accord-
ing to the method proposed by E.V. Metakovsky (Metakov-
sky, Novoselskaya, 1991), gliadins were identified according
to the catalog of alleles of gliadin-coding loci (Metakovsky,
1991).

Gliadin loci are designated according to the wheat gene
catalog: Gli-Al, Gli-B1, Gli-D1, Gli-A2, Gli-B2 and Gli-D2
(Mclntosh et al., 2003). Loci alleles were denoted by letters of
the Latin alphabet in the following sequence, i. e. the genetic
formula of gliadin of the cultivar Chinese Spring: Gli-Ala,
Gli-Bla, Gli-Dla, Gli-A2a, Gli-B2a, Gli-D2a has an abbre-
viated notation: a, a, a, a, a, a; while the genetic formula of
the cultivar Mironovskaya 808: Gli-A1f, Gli-B1b, Gli-DIg,
Gli-A2n, Gli-B2m, Gli-D2e, in abbreviated form looks like:
fb, g, n,mye.

Statistical analysis. Intrapopulation diversity (i), which
demonstrates the frequency of different genotypes, was cal-
culated according to L.A. Zhivotovsky (1991):

W= (Fr N

where p is the frequency of alleles calculated by the formula:
p = n/N, in which N is the sample size, n is the number of
alleles of one locus in the cultivar (breeding line). With equal
frequencies of all alleles of the locus p = n, with an uneven
distribution of frequencies p < n, and with monomorphism
p = 1. The standard error of p was calculated using the for-
mula: S, = \Ju(n — p)/N; where n is the number of alleles of
one locus.

The calculation of the proportion of rare alleles (4) was
determined by the formula:

hy =1~ (Wn).
To calculate the standard error of the proportion of rare
alleles, the following formula was used:

S, = Vh(1 — h)/N.

1 Supplementary Materials 1-4 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Utebayev_Engl_28_3.pdf
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In pairwise comparison of a group of wheat samples of
different origins, the similarity index (») was used (Zhivotov-

sky, 1979):
T

where p is the frequency of the allele in the first population;
q is the frequency of the allele in the second population. The
statistical error of the r indicator was expressed by the formula:

2 2
Qo= 1" P T

S.=0.5
" N N,

In the case when all the identified alleles are common in the
compared groups, the error was calculated using the formula:
N N,
=0.5y———=1-r).
S, =05 A (1-r)
Based on the similarity index (7), the identity criterion (/)
was calculated:

_ 8NN,

1
N, +N,

1-r).

At I exceeding the table value of ¥? with a 95 % signifi-
cance level, cultivar populations were considered to have a
significant difference.

The degree of genetic diversity (H) is calculated according
to M. Nei (1973):

Hzlepiz.

Results and discussion

The cultivars and breeding lines selected for study are pre-
sented in Supplementary Material 1. It is known that not all
breeding lines reach the level of a cultivar, and not all cultivars
reach the level of regionalization, nevertheless, this study
presents the wheat samples (cultivars and breeding lines) that
in one way or another used to be or are valuable for breeding,
regardless of the year of creation or zoning. With this in mind,
we made an attempt to show the allelic diversity of gliadin-
coding loci that is found in one or another breeding center in
Russia and Kazakhstan.

Gli-1 loci

Kazakhstan. The number of identified alleles of A7 locus in
wheat from Pavlodar and Karaganda regions was nine, from
Akmola and Kostanay regions, 12 and 14 alleles, respectively
(Fig. 1, Table 1). According to BI locus, two alleles were
identified in the wheat of Karaganda origin, four were from
Pavlodar, five and six alleles were of Kostanay and Akmola
regions, respectively.

According to D1 locus, the greatest diversity was recorded
in the wheat from Kostanay region (nine alleles), the mini-
mum from Karaganda (two alleles), for Akmola and Pavlodar
regions, six and four alleles were recorded, respectively. The
analysis of the gliadin formulas showed that alleles found in
wheat in one region were absent in another. Thus, G/i-4/d and
Gli-Aly were identified only in Akmola wheat, and Gli-A1n
in the sample from Karaganda region.

At the same time, in the wheat samples from Akmola,
Kostanay, Pavlodar and Karaganda regions, Gli-A1f, Gli-A1i
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Fig. 1. Frequency of occurrence of alleles (%) of Gli-1 loci of spring soft wheat by regions of Kazakhstan and Russia.

and Gli-Alo alleles were distributed at Gli-A1 locus. Gli-A1f
allele was common in all regions, its occurrence was 38.5 % in
Akmolaregion, 32.9 % in Kostanay region, 46.7 % in Pavlodar
region, and 46.5 % in Karaganda region (Fig. 1). The second
most common allele in the wheat of Kostanay selection was
Gli-Alo (15.3 %), and in Pavlodar, G/i-4 /i with a frequency
0f 16.67 %. It should be noted that G/i-A 1o and Gli-A1i alleles
occur in the wheat from Akmola region with a frequency of
12.50 and 13.54 %, respectively.

It should be added that G/i-A4 1 allele identified in the wheat
samples from Karaganda region with a frequency of 19.8 %
was not widespread in other regions of Kazakhstan. On the
other hand, the blocks of gliadin components controlled by
Gli-A1h and Gli-Ali alleles are quite similar in the number
and electrophoretic mobility of the components, differing only
in the mobility of one component in the y zone (Metakovsky,
1991).

Since each gliadin locus is characterized by multiple al-
lelisms, it is not uncommon to have a polymorphism of a
cultivar or line. That is, polymorphic samples are a mixture
of caryopses that differ in alleles of one or more gliadin-

coding loci. Gli-1 loci polymorphism was 27.9 % (12 out of
43 samples) for the samples from Karaganda region, 20.4 %
(10 out of 49 samples) for those from Kostanay region, 18.7 %
(9 out of 48 samples) and 13.3 % (4 out of 30 samples) for
the wheat from Akmola and Pavlodar regions, respectively. It
should be noted that the values given in Table 1 characterize
the polymorphism of a single locus. In this regard, the largest
polymorphism at 47 and D/ loci is from Karaganda region —
18.6 and 9.3 %, respectively. Note that the polymorphism at
B1 locus is more often represented by the combination e+,
while 4/ locus is more often represented by f allele in various
combinations. The lowest allelic diversity of G/i-B1I locus was
observed in the wheat samples from Karaganda and Pavlodar
regions — two and four alleles, respectively. In all regions, the
highest percentage of occurrence was recorded for Gli-Ble
allele (Fig. 1).

Gli-B1l found only in the samples of Lutescens 71 and
Liniya 19CHS (Karabalyk Agricultural Experimental Sta-
tion, Kostanay region) is of interest, since this locus is a
marker of wheat-rye translocation. The genes included in
this translocation control the plant’s resistance to a number
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Table 1. Number of alleles and polymorphism of Gli- loci in varieties of spring soft wheat

created in various breeding centers in Russia and Kazakhstan

Breeding center (region) Gli-A1 Gli-B1 Gli-D1 Gli-A2 Gli-B2 Gli-D2 Total number, units
Number of alleles, units (polymorphism, %) alleles  variety
samples
Russian breeding centers (N = 177)
Federal Center of Agriculture Research 6(23.2) 5(29) 5(5.8) 10(14.5) 13(21.7) 9(14.5) 48 69
of the South-East Region (Saratov region)
Siberian Research Institute of Agriculture 8(22.2) 8(133) 5(6.7) 9(13.3) 12(155) 9(8.9) 51 45
and Omsk State Agrarian University (Omsk region)
Chelyabinsk Research Institute of Agriculture 11(26.6) 7(30.00 7(13.3) 12(33.3) 15(30.0) 17(33.3) 69 30
(Chelyabinsk region)
Research Institute of Agriculture of the Northern 11(12.1) 6(9.1) 7 (6.1) 11(30.3) 14(18.2) 12(18.2) 61 33
Trans-Urals and State Agrarian University
of the Northern Trans-Urals (Tyumen region)
Kazakhstan breeding centers (N = 170)
A.l. Barayev Research and Production Centre 12(104) 6(6.2) 6(8.3) 10(8.3) 14 (2.1) 13(4.2) 61 48
of Grain Farming (Akmola region)
Karabalyk Agricultural Experimental Station 14(6.1) 5(10.2) 9(8.2) 15 (6.1) 15 (4.1) 154.1) 73 49
(Kostanay region)
Pavlodar Agricultural Experimental Station 9(-) 4 (6.6) 4 (6.6) 9 (6.6) 13(6.6) 9(10.0) 48 30
(Pavlodar region)
Karaganda Agricultural Experimental Station 9(18.6) 2(6.9) 2(9.3) 10(11.6) 12(9.3) 8(4.6) 43 43

named after A.F. Khristenko (Karaganda region)

of fungal diseases, such as various types of rust (brown, stem,
yellow) and powdery mildew (Kozub et al., 2012). However,
the presence of this translocation turned out to reduce the
technological characteristics of the grain, which ultimately
affects the baking quality of wheat (Sozinov, 1985). On the
other hand, the negative effects of wheat-rye translocation can
be neutralized by the presence of “good” glutenin subunits
such as /Dx5+1Dyl10, IBx7+1By9 and 1Bx7+1ByS8 (Sharma
etal., 2018). It should be stated that the cultivar Lutescens 71
contains the components /Dx5+1Dy10 and /Bx7+1By9 in
terms of the composition of high-molecular glutenin subunits
(Utebayev et al., 2019b).

Gli-B1b allele is widely distributed among the studied
samples, with the exception of the wheat from Akmola region.
The low frequency of occurrence of this allele is probably
due to the fact that most of the cultivars of A.I. Barayev Re-
search and Production Centre of Grain Farming were created
on the basis of the cultivars of Federal Center of Agriculture
Research of the South-East Region (Saratov region), which
are characterized by G/i-B1e allele (Novoselskaya-Dragovich
etal., 2003).

The largest polymorphism at G/i-D1 locus was observed for
the wheat from Karaganda region, 9.3 %, and was expressed
by the combination of Gli-DIg+a.

Gli-Dla, Gli-DIf and Gli-D1g alleles are common in the
wheat from all four regions of Kazakhstan (Fig. 1). At the
same time, G/i-Dla had the maximum frequency of occur-
rence. It should be noted that G/i-Dla and Gli-DIf alleles
control gliadin blocks that are very similar in the number and
electrophoretic mobility of components, with the exception

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

of the most mobile component located in the y zone. There
is an opinion that the less gliadin blocks differ in component
composition, the closer they are to each other in terms of
nucleotide composition (Chebotar et al., 2012). In this case, it
can be assumed that the influence of such blocks on qualitative
characteristics may be similar.

Russia. The number of identified alleles of 4/ locus in the
wheat from Chelyabinsk and Tyumen regions was 11, from
Saratov and Omsk regions, six and eight alleles, respectively.
The largest number of identified alleles for B/ locus was ob-
served in the wheat from Omsk region — eight, the smallest
one was in Saratov wheat — five (Fig. 1). Seven alleles were
identified for D/ locus in the wheat from Chelyabinsk and
Tyumen regions, while five alleles were identified in the wheat
from Saratov and Omsk regions.

The analysis of gliadin formulas showed that for each locus
there were alleles characteristic only for the samples from
one region, i.e. Gli-B1h, Gli-BInew and Gli-D1k alleles were
found only in the wheat of Saratov selection (Dobrotvorskaya
etal., 2009), Gli-Bli, Gli-B1k and Gli-B1q — Omsk selection
(Novoselskaya-Dragovich etal., 2013), Gli-A1l and Gli-D1]—
Tyumen selection, and G/i-B1d — Chelyabinsk region (Fig. 1).

The largest polymorphism of G/i-/ loci was observed in the
wheat of Chelyabinsk origin —33.3 % (10 out of 30 samples),
then in Omsk wheat—31.1 % (14 out of 45 samples), in Sara-
tov wheat—26.1 % (18 out of 69 samples) and the smallest one,
in Tyumen wheat — 18.2 % (6 out of 33 samples). It should be
noted that such samples as Kukushka 12-6, Milturum 12013,
Rossiyanka, Chelyabinskaya 17, Selivanovskiy Rusak and
Omskaya 9 turned out to be polymorphic for all three Gli-1
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loci, with the largest number of alleles per locus found in the
cultivar Chelyabinskaya 17 (see Supplementary Material 1).

According to 4/ locus, the high frequency of occurrence
of Gli-A1f allele was recorded in the wheat from Tyumen
region — 47.8 %, from Chelyabinsk region — 48.5 %, from
Saratov region — 44.3 %, and from Omsk region — 40.0 %
(Fig. 1). It should be stated that the allele is common among
Australian (Metakovsky et al., 1990), Iranian (Salavati et al.,
2008), Ukrainian (Kozub et al., 2009) selection, as well as
in the cultivars from Western and Eastern Siberia (Nikolaev
et al., 2009) and may be associated with some economically
valuable traits of wheat.

Gli-Ali, Gli-Alm and Gli-A 1o alleles were also “common”
(Fig. 1). As it turned out, Gli-AIm and Gli-Alo alleles make
up the “gliadin profile” of the wheat from Canada, Mexico,
Scandinavian countries, Spain, and China (Metakovsky et
al., 2018).

According to BI locus, Gli-Ble allele “is in the lead” in
the wheat of four regions, with different occurrence (Fig. 1).
It should be added that G/i-Ble has a wide distribution area
among the wheat cultivars of Kazakh and Russian selection
(Novoselskaya-Dragovich et al., 2003; Nikolaev et al., 2009;
Utebayev et al., 2019a). Also, according to B/ locus, the largest
number of alleles occurring in a certain region was identified
as following: Gli-Bld in Chelyabinsk region, G/li-Blh and
Gli-B1new in Saratov region, Gli-Bli, Gli-Blk and Gli-Blq in
Omsk region. During the analysis of genealogies, it was found
that the wheat from Federal Center of Agriculture Research
of the South-East Region (Saratov region), for which Gli-Ble
allele is characteristic, was actively involved in breeding when
creating the wheat cultivars of Tyumen and Chelyabinsk
selection (GRIS, 2017). In their turn, most of the cultivars
of Federal Center of Agriculture Research of the South-East
Region (Saratov region), in one way or another, originate from
two cultivar-populations: the genetic formula of Poltavka is
Gli-Alo+f*c+j, Gli-Ble+m, Gli-Dla, Gli-A2q, Gli-B20+s,
Gli-D2e+a and for Selivanovskiy Rusak it is Gli-A 1f+i+j**,
Gli-Ble+new, Gli-Dla+i, Gli-A2j+q+s, Gli-B2o+q, Gli-
D2e+s (Novoselskaya-Dragovich et al., 2003). Historically,
most Kazakh cultivars are based on the cultivars from Saratov
and Omsk regions, so it is quite expected that the gliadin pro-
file of the wheat of the two countries is similar. Nevertheless,
DNA diagnostics methods have proven the phylogenetic dif-
ference between Kazakh and Russian cultivars (Shavrukov et
al., 2014). Gli-B1b allele was often found with the frequency
0f32.0 % in the wheat from Chelyabinsk region, 28.8 %, from
Tyumen region, and 30.0 %, from Omsk region. Since Gli-
B1b is distributed from Scandinavian countries to Australia
(Metakovsky et al., 2018), it is likely valuable for breeding.

At Gli-D1 locus, the highest occurrence was found for
Gli-Dla allele (Fig. 1). In addition, alleles such as Gli-D1b,
Gli-DIf and Gli-D1i are common to four regions of Russia
(Saratov, Omsk, Chelyabinsk, Tyumen). It is worth paying at-
tention to G/i-D1b allele, which is characteristic of the wheat
from France, Mexico, Portugal, Bulgaria, Serbia (Metakovsky
etal., 2018), Iran (Salavati et al., 2008) and England (Cherna-
kov, Metakovsky, 1994). Based on the study of proteolysis of
wheat prolamins, it is proposed to use G/i-D1b together with
Gli-Dla as markers of adaptability in spring bread wheat
(Upelniek et al., 2003).
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Gli-2 loci

Kazakhstan. When analyzing the genetic formulas of glia-
din at Gli-A2 locus, 10 alleles were identified in the wheat
from Akmola and Karaganda regions. 15 and 9 alleles were
identified in the wheat of Kostanay and Pavlodar selection,
respectively. B2 locus is represented by 12 alleles in Kara-
ganda wheat, 13 were found in Pavlodar wheat, 14, in Akmola
wheat, and 15, in the wheat of Kostanay selection. According
to D2 locus, eight alleles were identified in the wheat from
Karaganda, nine, from Pavlodar, 13, from Akmola, and 15,
from Kostanay regions (Table 1, Fig. 2).

Table 1 shows that the wheat of Karaganda selection is again
“in the leading position” in terms of polymorphism of a single
locus, since the values of 42 and B2 are the highest — 11.6
and 9.3 %, respectively. The “common” alleles were observed
with varying frequencies in four regions of Kazakhstan: G/i-
A2b, Gli-A2l, Gli-A2q, Gli-B2a, Gli-B2f, Gli-B2l, Gli-B2m,
Gli-B2t, Gli-D2a and Gli-D2gq.

The polymorphism of wheat by G/i-2 loci was 11.6 %
(5 out of 43 samples) for Karaganda region, 10.4 % (5 out of
48 samples) for Akmola region, 10.0 % (3 out of 30 samples)
and 8.2 % (4 out of 49 samples) for Pavlodar and Kostanay
regions, respectively. Such specimens as Karabalykskaya 9
(Kostanay region), Lutescens 65, Lutescens 261 (Pavlodar
region), Lutescens 1220, Lutescens 1242 (Karaganda region)
turned out to be polymorphic at three G/i-2 loci.

The analysis of gliadin genetic formulas showed that the
alleles Gli-A2v (2.3 %), Gli-B2k (2.3 %), Gli-B2new (2.3 %),
Gli-B2p (4.6 %), Gli-D20 (2.3 %) and Gli-D2r (10.5 %) were
found only in Karaganda wheat cultivars, and Gli-42h (5.0 %),
only in the samples of Pavlodar selection. Six alleles were
identified in the samples from Kostanay region (Gli-A2a,
Gli-A2w, Gli-B2i, Gli-B2j, Gli-D2f and Gli-B2j) and from
Akmola region (Gli-B2h, Gli-B2q, Gli-B2s, Gli-D2d and
Gli-B2g). At the same time, Gli-B2s allele with a frequency
of 16.67 % is the second most common allele after G/i-B2d
among the wheat of Akmola selection.

It should be stated that G/i-42! allele, which occurs among
Kazakh wheat samples, especially those from Karaganda re-
gion, turned out to be common among English (Chernakov,
Metakovsky, 1994) and Iranian (Salavati et al., 2008) wheat
samples. Also, Gli-A2fallele, which is the second most com-
mon wheat of Kostanay origin (15.31 %), was often found in
Mexico and Portugal (Metakovsky et al., 2018). Gli-A2q allele,
which has a high percentage of occurrence in Akmola and
Pavlodar regions — 18.7 and 30.0 %, respectively, is of interest.
It turned out that it is associated with the qualitative charac-
teristics of grain, which are characteristic of strong cultivars
of wheat (Dobrotvorskaya et al., 2009). On the other hand, it
has been established that wheat genotypes with G/i-42q allele
have a long stem and low productivity (Khrunov et al., 2011).

Gli-B2s allele with a frequency of 16.7 %, identified only
among the cultivars of Akmola region, constitutes the “profile”
of the wheat of Saratov selection (Novoselskaya-Dragovich
et al., 2003).

Gli-D2a allele, identified in the wheat samples from four
regions of Kazakhstan, is widely distributed in common wheat
cultivars from England (Chernakov, Metakovsky, 1994), Italy
(Metakovsky et al., 1994), France (Metakovsky, Branlard,
1998), and Spain (Metakovsky et al., 2000). This is probably
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Fig. 2. Frequency of occurrence of alleles (%) of Gli-2 loci of spring soft wheat by regions of Kazakhstan and Russia.

due to its association with adaptive traits, since the climate of
European countries compared to Kazakhstan differs both in
terms of precipitation, solar activity, and soil cover (Kunan-
bayev et al., 2022). G/i-D2q allele, which is found in the wheat
from Pavlodar region, is widespread in Australia (Metakovsky
etal., 1990), which may also be associated with economically
valuable traits.

Russia. According to G/i-A2 locus, 12 alleles were identi-
fied in the wheat from Chelyabinsk region, 11, from Tyumen
region, 10 and 9 alleles, from Saratov and Omsk regions, re-
spectively. According to B2 locus, genetic diversity is repre-
sented by 12 alleles in the wheat from Omsk region, 13 al-
leles, from Saratov region, 14 alleles, from Tyumen region,
and 15 alleles, from Chelyabinsk region. According to D2
locus, 17 and 12 alleles were identified in the wheat from
Chelyabinsk and Tyumen regions, respectively, whereas 9 al-
leles were found in the wheat of Saratov and Omsk selection
(Table 1, Fig. 2).

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

Gli-A2b, Gli-A2k, Gli-A2q, Gli-A2s, Gli-B2¢, Gli-B2d,
Gli-B2o, Gli-D2a, Gli-D2m, and Gli-D20 alleles with dif-
ferent frequencies turned out to be “common” for the wheat
samples from the analyzed areas. Polymorphism for all G/i-2
loci was stated for the wheat of Chelyabinsk origin at the level
0f 36.6 % (11 out of 30 samples), of Saratov origin — 34.8 %
(24 out of 69 samples), of Omsk origin — 31.1 % (14 out
of 45 samples) and of Tyumen origin — 30.3 % (10 out of
33 samples).

A high polymorphism of individual loci was observed for
the wheat of Chelyabinsk origin: Gli-42 (33.3 %), Gli-B2
(30.0 %) and GIi-D2 (33.3 %); the lowest one was found in the
wheat of Omsk selection: Gli-42 (13.3 %), Gli-B2 (15.5 %)
and Gli-D2 (8.9 %) (Table 1).

Such samples as Kukushka 12-6, Milturum 12013, Ros-
siyanka, Uralskaya Kukushka, Chelyaba 2, Chelyabin-
skaya 17, Erythrospermum 24841 (Chelyabinsk region),
Tyumenskaya 30, Surenta 4, Surenta 6, Rechka, Lutescens 70,
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Tyumenskaya Yubileynaya (Tyumen region), Lutescens 55-11,
Saratovskaya 50, Selivanovskiy Rusak (Saratov region), Pa-
myati Azieva (Omsk region) are polymorphic for three G/i-2
loci.

Based on the gliadin formulas, alleles that do not occur in
other areas have been identified, i.e. eight alleles Gli-A2p,
Gli-A2u, Gli-B2f, Gli-B2g, Gli-B2j, Gli-D2d, Gli-D2g and
Gli-D2h have been identified only in the wheat of Chelyabinsk
Research Institute of Agriculture; four alleles Gli-A2a, Gli-
A2g, Gli-B2a and Gli-B2I, only in the cultivars from Tyumen
region. 11 region-specific alleles Gli-A20, Gli-A2t, Gli-B2s,
Gli-B2w and Gli-B2x and several new alleles for each locus
have been identified in the wheat from Saratov region (Do-
brotvorskaya et al., 2009). Four alleles G/i-42u and one new
allele of 42, B2 and D2 loci were identified in the wheat of
Omsk selection (Novoselskaya-Dragovich et al., 2013) (see
Supplementary Material 1).

A high percentage of occurrence of G/i-42q allele (62.5 %)
was stated for the wheat of Federal Center of Agriculture Re-
search of the South-East Region (Saratov region). At the same
time, the highest allele frequency was identified for G/i-42k
(34.4 %) in the wheat of Omsk region and G/i-A2! (23.5 %)
and Gli-A2m (27.3 %) for Chelyabinsk and Tyumen regions,
respectively. It should be noted that G/i-42/ allele is common
among the wheat from England (Chernakov, Metakovsky,
1994) and Iran (Salavati et al., 2008), and Gli-A2m allele,
among the wheat from Canada and France (Metakovsky et
al., 2018).

Gli-B2o allele turned out to be “common” for four regions of
Russia. It has been stated that this allele is found in the wheat
of Iranian (Salavati et al., 2008) and Italian (Metakovsky et
al., 1994) origin, and in some cultivars of Saratov selection
(Dobrotvorskaya et al., 2009), as well as in winter forms of
wheat (Novoselskaya-Dragovich et al., 2015). In general,
it should be added that according to B2 locus, the wheat of
Saratov selection has the largest number of unknown alleles
(Dobrotvorskaya et al., 2009).

In the cultivars of Tyumen origin, a high frequency of
occurrence was stated for the following alleles: G/i-D2q
(31.8 %) and Gli-D2a (16.6 %), respectively; whereas for the
wheat of Chelyabinsk Research Institute of Agriculture, Gli-
D2a (18.3 %) and Gli-D2I (13.7 %) alleles are predominant
(Fig. 2). It should be noted that G/i-D2a allele is probably
associated with valuable traits, since it is widely distributed
among Italian wheat cultivars (Metakovsky et al., 2018), and
among Omsk cultivars its occurrence reaches 31.1 % (Novo-
selskaya-Dragovich et al., 2013).

Thus, in eight regions of Russia and Kazakhstan, the fol-
lowing alleles have become widespread: Gli-A If, Gli-A1i, Gli-
Alm, Gli-Alo, Gli-Ble, Gli-Dla, Gli-D1f, Gli-A2q, Gli-B2o
and Gli-D2a (Supplementary Material 2). In the analysis of the
general polymorphism, heterogeneity in all six gliadin-coding
loci was identified for four wheat samples of Chelyabinsk
Research Institute of Agriculture (Kukushka 12-6, Milturum
12013, Rossiyanka, Chelyabinskaya 17) and one cultivar from
Federal Center of Agriculture Research of the South-East
Region (Selivanovskiy Rusak). Polymorphisms at five gliadin
loci (A1, B, A2, B2 and D2) were observed for the follow-
ing samples: Karabalykskaya 9 (Karabalyk Agricultural Ex-

Genetic diversity of the alleles of gliadin-coding loci
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Fig. 3. Polymorphism of spring soft wheat samples from various regions
of Kazakhstan and Russia.

1 - Akmola region (A.l. Barayev Research and Production Centre of Grain Farm-
ing); 2 — Kostanay region (Karabalyk Agricultural Experimental Station); 3 -
Pavlodar region (Pavlodar Agricultural Experimental Station); 4 — Karaganda
region (Karaganda Agricultural Experimental Station named after A.F. Khris-
tenko); 5 - Chelyabinsk region (Chelyabinsk Research Institute of Agriculture);
6 — Tyumen region (Research Institute of Agriculture of the Northern Trans-
Urals and State Agrarian University of the Northern Trans-Urals); 7 — Saratov
region (Federal Center of Agriculture Research of the South-East Region);
8 — Omsk region (Siberian Research Institute of Agriculture and Omsk State
Agrarian University).

perimental Station), Lutescens 1242 (Karaganda Agricultural
Experimental Station named after A.F. Khristenko), Surenta 4
(Research Institute of Agriculture of the Northern Trans-Urals
and State Agrarian University of the Northern Trans-Urals),
Chelyaba 2 (Chelyabinsk Research Institute of Agriculture);
heterogeneity of B1, DI, A2, B2 and D2 loci was stated for
the cultivars Tyumenskaya 30 and Tyumenskaya Yubileynaya
(Research Institute of Agriculture of the Northern Trans-Urals
and State Agrarian University of the Northern Trans-Urals);
the Lutescens 55-11 sample (Federal Center of Agriculture
Research of the South-East Region) is polymorphic at 4/,
D1, A2, B2 and D2 loci, and the Omskaya 9 sample (Siberian
Research Institute of Agriculture and Omsk State Agrarian
University) is polymorphic at 47, B1, D1, A2, and B2 loci (see
Supplementary Material 1). The general polymorphism of the
wheat samples depending on the origin is shown in Figure 3.
As can be seen, the greatest polymorphism was observed in
the wheat of Omsk origin. It is believed that the presence of
biotypes within the cultivar is an additional means to obtain
a stable yield and increase its resistance to various environ-
mental stress factors (Metakovsky et al., 2020).
Summarizing the results obtained by the frequencies of
gliadin alleles, a “gliadin profile” of the wheat of Russian
and Kazakh selection was compiled (Table 2). As can be
seen, the combination of Gli-1 loci alleles (Gli-A1f, Gli-Ble
and Gli-Dla) is the same for eight regions, while G/i-2 loci
are different. The highest occurrence of the combination of
Gli-Alf, Gli-Ble and Gli-D1a was in the samples of Saratov
origin (33 out of 69 samples) and Karaganda origin (16 out of
43 samples) — 47.8 and 37.2 %, respectively; the lowest one
was observed in the samples of Kostanay origin— 6.1 % (3 out
of 49 samples). The maximum combination of G/i-4/f and
Gli-Ble alleles found in the wheat from Akmola region (9 out
of 48 samples) and Kostanay region (9 out of 49 samples) is
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Table 2. General “gliadin profile” of spring soft wheat created in various breeding centers from Russia and Kazakhstan

Region (Breeding center) Gli- loci

Al B1 D1 A2 B2 D2
Akmola (A.l. Barayev Research and Production Centre of Grain Farming) f e a p d a+e
Kostanay (Karabalyk Agricultural Experimental Station) f e a+b f r a+q
Pavlodar (Pavlodar Agricultural Experimental Station) f e a q a+b q
Karaganda (Karaganda Agricultural Experimental Station f e a / r a
named after A.F. Khristenko)
Tyumen (Research Institute of Agriculture of the Northern Trans-Urals f e a m+f o+r q
and State Agrarian University of the Northern Trans-Urals)
Chelyabinsk (Chelyabinsk Research Institute of Agriculture) f e a / b a
Saratov (Federal Center of Agriculture Research of the South-East Region)  f e a q s e
Omsk (Siberian Research Institute of Agriculture f e a k b a

and Omsk State Agrarian University)

18.8 and 18.4 %, respectively, the minimum one is 1.4 % in
the samples from Saratov region (1 out of 69 samples), and
there are none from Tyumen region.

The association of Gli-Ble and Gli-Dla was most often
found in the wheat from Saratov region (27 out of 69 samples)
and Akmola region (13 out of 48 samples) —39.1 and 27.1 %,
respectively; only 9.1 % (3 out of 33 samples) are from Tyu-
men region. The information on the relationship between
gliadin alleles and grain quality indicators is contradictory,
i.e. the presence of Gli-4/m allele has been shown to cause
a decrease in flour sedimentation. Later, it turned out that in
most cases it is associated with Glu-A3e, the “worst” allele.
On the other hand, G/i-41m is present in many high-quality
cultivars of Canadian selection (Metakovsky et al., 2019).

It was found that G/i-A2b and Gli-B2c alleles were statisti-
cally related to W-energy of the pastry deformation determined
on the alveograph (Metakovsky et al., 1997). Although it
has been suggested that alleles encoded by G/i-2 loci have a
negative effect on grain quality (Masci et al., 2002), nonethe-
less, the use of Gli-42s and Gli-B2o has been proposed as
markers of increased protein, gluten content and grain nature
(Khrunov et al., 2011). Later, on the basis of molecular genetic
methods, the results were obtained indicating the presence of
genes localized at G/i-2 loci that have a positive effect on the
rheological properties of pastry (Noma et al., 2019).

Gli-Ble allele constitutes the “gliadin profile” of many
high-quality wheat cultivars of Russian and Kazakh selection
(Novoselskaya-Dragovich et al., 2013; Utebayev et al., 2019a,
2022), which is probably due to the fact that it encodes the
synthesis of the so-called w-gliadin d4, which is associated
with increased grain quality (Branlard et al., 2003).

It is worth noting that not all gliadin alleles, which are
“positioned” as markers of quality grain, increase qualitative
characteristics. Weather and climatic conditions play a signifi-
cant corrective role in the grain formation. Therefore, till the
present moment, there is no information about “universal” al-
leles, the presence of which would contribute to the production
of high-quality wheat grain. Such controversies concerning the
relationship between gliadin alleles and grain characteristics

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

contribute to an in-depth study of this phenomenon. On the
other hand, the use of gliadin polymorphism for identification
and determination of varietal purity does not lose its relevance
due to the simplicity of execution and the constancy of the
gliadin spectrum.

Statistical analysis

Based on the statistical calculations, the intrapopulation (p)
and genetic diversity (H) at A1, D1 and 42 loci turned out to
be maximum for the wheat samples from Kostanay region; at
B2 and D2 loci, for the samples from Chelyabinsk Research
Institute of Agriculture, and at B/, for the cultivars from Tyu-
men region. The minimum values of p and H were observed
for the wheat from Akmola region at G/i-B/ —2.78 +0.43 and
0.24, respectively (Supplementary Material 3).

It turned out that the applied H indicator cannot always
describe the genetic diversity of the population satisfactorily,
since it “underestimates” rare alleles (alleles with a low fre-
quency of occurrence in the population or cultivar). Therefore,
the additional application of the L parameter allows for a more
accurate assessment of the degree of diversity by taking into
account the number of rare alleles and their frequency, i.e.
11 alleles were identified at Gli-A1 and Gli-A2 loci in the set
of the cultivars of Tyumen origin. At the same time, the intra-
population diversity p for Gli-A1 locus was 8.00 + 0.85, while
for Gli-A2 it was 9.12 + 0.72. This difference is explained by
the fact that one allele with a frequency of 0.47 was “in the
lead” for G/i-A1, and two alleles with frequencies of 0.24 and
0.27 prevailed for Gli-A2 locus. The applied indicator shows
how variable the population is depending on the frequency
of alleles.

The rare allele ratio criterion (/) characterizes the distribu-
tion of frequencies, which is always /4 > 0 in case of uneven-
ness, compared to p, which evaluates the degree of diversity
of the population. Based on this, the genetic and intrapopu-
lation diversity at Gli-BI and G/i-D1 loci turned out to be
the lowest for the wheat samples from Saratov region (see
Supplementary Material 3). Such a low value is explained
by the predominance of Gli-Ble allele over other alleles
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Table 3. Average values of the proportion of rare alleles (h+5;), genetic (H) and intrapopulation (u+S,) diversity

at the Gli-1 and Gli-2 loci

Region (Breeding center)

Akmola (A.l. Barayev Research and Production Centre of Grain Farming)

Kostanay (Karabalyk Agricultural Experimental Station)

Pavlodar (Pavlodar Agricultural Experimental Station)

Karaganda (Karaganda Agricultural Experimental Station named after A.F. Khristenko)

Tyumen (Research Institute of Agriculture of the Northern Trans-Urals
and State Agrarian University of the Northern Trans-Urals)

Chelyabinsk (Chelyabinsk Research Institute of Agriculture)

Saratov (Federal Center of Agriculture Research of the South-East Region)

Omsk (Siberian Research Institute of Agriculture and Omsk State Agrarian University)

(92.8 % of occurrence). Accordingly, the 4 indicator will be
the maximum — 0.56 £ 0.06. The same situation is observed
in the analysis of allele frequencies at G/i-DI locus. With a
high percentage of occurrence of Gli-D1a allele (89.9 %), the
value of parameters p (2.46 + 0.30) and H (0.19) decreases
and the value of / increases accordingly. On average, the
samples created in the Kostanay (10.15 + 0.62) and Chelya-
binsk (9.40 + 0.76) regions had the highest intrapopulation
diversity of alleles (Table 3). It should be noted that the
intrapopulation diversity and the proportion of rare alleles in
the wheat samples from Chelyabinsk region have increased
markedly compared to the results that were published earlier:
p=6.15+0.33 and #=0.12 + 0.05 (Chernakov, Metakovsky,
1994). It should be noted that H values of the wheat bred in
Tyumen are higher (0.78) than in Chelyabinsk wheat (0.77),
but at the same time, the index of intrapopulation diversity (p)
in the wheat in Chelyabinsk region is higher.

If we take into account p errors of both areas, then the dif-
ference in their values lies within the statistical error, and the
intrapopulation diversity is approximately at the same level.
However, the mean values were derived from calculations of
the diversity of each locus, in which case the allelic diversity
of cultivars (populations) within the locus must be taken into
account. It turned out that with the same number (seven) of
identified alleles of DI locus, Gli-Dlia allele prevailed in
the wheat of Chelyabinsk Research Institute of Agriculture
with a frequency of 71 %, and the rest had frequencies of no
more than 10 %. At the same time, G/i-D/a allele was also
“leading” in Tyumen cultivars, but with a lower frequency
of 51.5 %, and Gli-D1b and Gli-DIf alleles with frequencies
of 18.2 and 12.1 %, respectively, were found together with
it. In other words, the diversity of Tyumen wheat cultivars
at D1 locus is higher than that of Chelyabinsk wheat, which
ultimately affected the average values of genetic and intra-
population diversity.

Comparative analysis of genetic diversity

of gliadin coding loci of common wheat

in breeding centers of Kazakhstan and Russia

To determine the similarities and differences between the
wheat samples from various breeding centers (regions) of
Russia and Kazakhstan for gliadin alleles, a cluster analysis
was carried out, as a result of which three groups A, B, and

H xS, h+S,
0.72 7.78+0.55 0.22+0.05
0.80 10.15+0.62 0.19+0.05
0.73 6.82+0.54 0.18+0.06
0.68 5.97+0.48 0.21+0.06
0.78 8.34%0.70 0.20+0.06
0.77 9.40+0.76 0.22+0.07
0.46 4.61+0.47 0.44+0.06
0.74 6.83+0.49 0.20+0.06
Kostanay region
Pavlodar region
A
Akmola region
Karaganda region
Chelyabinsk region g
Tyumen region
Omsk region
Saratov region C

Fig. 4. Clustering by frequency of occurrence (%) of alleles of Gli-1 and
Gli-2 loci of spring bread wheat depending on the region of origin.

C were formed (Fig. 4). Group A consisted of the samples
from North Kazakhstan regions, while the wheat of Kostanay
and Pavlodar selection turned out to be quite close. This is
explained by the fact that there were “common” alleles with
different frequencies and for each locus, for example, out of
14 alleles identified by 4/ locus, nine alleles turned out to
be common, for a total of six loci out of 77 alleles, 45 were
common, i.e. 58.4 %. Whereas in the wheat from Akmola
region only 35.6 % of alleles were common to Kostanay and
Pavlodar regions, which was reflected in the dendrogram.
A similar situation was observed with the samples of cluster B.
The “isolation” of Saratov wheat samples is due to the fact
that only 10.1 % of gliadin alleles were common to the wheat
from other regions of Kazakhstan and Russia.

For further establishment of the significant degree of dif-
ferences between the groups of common wheat in terms of
the frequency of occurrence of gliadin-coding loci alleles, the
identity criterion (/) was used. In its essence, if the obtained
value exceeds the table value of 2 at a given level of signifi-
cance, then there is a significant difference between the groups
(Zhivotovsky, 1979).

Supplementary Material 4 shows the values of genetic si-
milarity (r), the criterion of pairwise similarity of the studied
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Table 4. Average values of genetic similarity (r) and identity criterion (/)
of spring bread wheat samples for Gli-1 and Gli-2 loci by region of origin
Regions Akmola Kostanay Pavlodar Karaganda Tyumen Chelyabinsk  Saratov Omsk
Akmola 0 0.62+0.05 0.72+0.06 0.67 £0.05 0.65+0.06 0.72+0.06 0.69+0.06  0.71+0.06
287.1(106.4) 248.2(92.8) 355.7 (95.1) 328.5(104.1) 243.6(104.1) 414.4(103.0) 325.1(99.6)
Kostanay 0 0.85+0.04 0.75+0.04 0.86+0.04 0.86+0.05 0.55+0.05 0.74+0.05
135.5(97.4) 271.2(104.1) 135.7(104.1) 128.0(107.5) 619.0(116.5) 296.4(110.9)
Pavlodar 0 0.69+0.06 0.80+0.06 0.79+0.06 0.55+0.06  0.72+0.05
260.1 (84.8) 152.2(92.8) 147.6(96.2) 455.0(96.2) 244.9(88.3)
Karaganda 0 0.79+0.05 0.77+0.06 0.55+0.05 0.71+0.05
191.2(88.3) 195.1(98.5) 568.0(95.1) 304.3(87.1)
Tyumen 0 0.85+0.05 0.53+0.05  0.71+0.05
114.4(97.4) 507.2(104.1) 265.0(98.5)
Chelyabinsk 0 0.57+0.06  0.78+0.05
430.0(110.9) 187.2(103.0)
Saratov 0 0.69+0.05
407.5 (90.5)
Omsk 0

Note. The upper number is the indicator of genetic similarity (r), the lower number is the criterion of identity (/). In parentheses %2 for a 5 % significance level,

if | > X2, then the differences are significant.

groups and the criterion of identity (/) for each locus sepa-
rately. Genetic similarity (r) does not exceed 1, but can be
equal to 1 only if the groups being compared are identical in
number and frequency of alleles. When averaged, the obtained
values of the identity criterion (/) exceeded the tabular value
of y? for all pairwise comparisons. Accordingly, the studied
groups of common wheat samples from different regions and
breeding centers of Kazakhstan and Russia significantly differ
from each other in gliadin-coding loci (Table 4).

However, when analyzing the / values for individual loci,
it turned out that even in the presence of alleles characteristic
of a certain area, a significant difference between the groups
was not always achieved (see Supplementary Material 4), 1. e.
when comparing the wheat of Tyumen and Omsk origin, the
difference at D1 locus was insignificant / = 7.6 (12.6), since
five out of seven identified alleles occurred in both groups,
and with a fairly high frequency. Note that in most cases, there
was a slight difference at G/i-1 loci, while at G/i-2 loci, the
differences were statistically significant.

This is probably due to the fact that wheat breeding has
traditionally been aimed at increasing yield, grain quality and
resistance to various stressors, and alleles of Gli-A1, Gli-B1
and G/i-D1 loci are associated with baking quality (Nieto-
Taladriz et al., 1994; Li et al., 2009; Demichelis et al., 2019),
and resistance to leaf, stem rust (Czarnecki, Lukow, 1992;
Cox et al., 1994) and powdery mildew (Hsam et al., 2015).

Conclusion

Based on the study, description and statistical calculation
of the genetic diversity of allelic variants of gliadin-coding
loci of common wheat, a significant difference in genotypes
from different regions of Kazakhstan and Russia has been
established. The revealed genetic differentiation on the basis
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of protein polymorphism is likely adaptive. The gliadin alleles
that are characteristic of a certain region have been identified.
The “gliadin profile” of the wheat of Kazakhstan and Russian
origin has been established, which shows the preference of
wheat genotypes for gliadin alleles as a result of selection. This
information can be used for the selection of parent pairs in the
breeding process, the control of cultivars during reproduction,
as well as for the establishment of varietal purity.
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Search for biocontrol agents among endophytic lipopeptide-
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Abstract. Beneficial endophytic bacteria can suppress the development of insect pests through direct antagonism,
with the help of metabolites, or indirectly by the induction of systemic resistance through the regulation of hormonal
signaling pathways. Lipopeptides are bacterial metabolites that exhibit direct antagonistic activity against many or-
ganisms, including insects. Also, lipopeptides are able to trigger induced systemic resistance (ISR) in plants against
harmful organisms, but the physiological mechanisms of their action are just beginning to be studied. In this work,
we studied ten strains of bacteria isolated from the tissues of wheat and potatoes. Sequencing of the 16S rRNA gene
showed that all isolates belong to the genus Bacillus and to two species, B. subtilis and B. velezensis. The genes for
lipopeptide synthetase — surfactin synthetase (Bs_srf), iturin synthetase (Bs_ituA, Bs_ituB) and fengycin synthetase
(Bs_fenD) — were identified in all bacterial isolates using PCR. All strains had high aphicidal activity against the Green-
bug aphid (Schizaphis graminum Rond.) due to the synthesis of lipopeptides, which was proven using lipopeptide-
rich fractions (LRFs) isolated from the strains. Endophytic lipopeptide-synthesizing strains of Bacillus spp. indirectly
affected the viability of aphids, the endurance of plants against aphids and triggered ISR in plants, which manifested
itself in the regulation of oxidative metabolism and the accumulation of transcripts of the Pr1, Pr2, Pr3, Pr6 and Pr9
genes due to the synthesis of lipopeptides, which was proven using LRF isolated from three strains: B. subtilis 26D,
B. subtilis 11VM, and B. thuringiensis B-6066. We have for the first time demonstrated the aphicidal effect of fengycin
and the ability of the fengycin-synthesizing strains and isolates, B. subtilis Ttl2, Bacillus sp. StI7 and B. thuringiensis
B-6066, to regulate components of the pro-/antioxidant system of aphid-infested plants. In addition, this work is the
first to demonstrate an elicitor role of fengycin in triggering a systemic resistance to S. graminum in wheat plants. We
have discovered new promising strains and isolates of endophytes of the genus Bacillus, which may be included in the
composition of new biocontrol agents against aphids. One of the criteria for searching for new bacteria active against
phloem-feeding insects can be the presence of lipopeptide synthetase genes in the bacterial genome.

Key words: Bacillus spp.; Schizaphis graminum; endophytes; PCR; RT-PCR; plant-microbial interactions; lipopeptides;
biological control agents.
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SHAOPUTHbIE NunonenTua-cuHTe3upytowme Bacillus ssp.
ONA 3alWnTbl MWeHnLbl oT Schizaphis graminum

AHHoTauuA. MNMonesHble SHAOGUTHbIE BaKTePX MOTYT NMOJABNATL PAa3BUTNE BPEAUTENEN 3a CYET MPSAMOro aHTaro-
HM3Ma, C MOMOLLbIO MeTaboNMTOB NN ONOCPEOBAHHO NHAYLIMPOBATb CUCTEMHYIO YCTOMYMBOCTb Yepes perynaumio
rOPMOHabHbIX CUTHANbHbIX NyTel. Jinnonentuabl — 6akTepuanbHble MeTabonnTbl, MPOABAAIOLME NPAMYIO aHTaro-
HUCTNYECKYIO aKTUBHOCTb KO MHOTVIM OpraHu3mMam, B TOM Yncsie K HaceKoMbIM. Takxke mnonentuabl CnocobHbl 3a-
nycKkaTb CUCTEMHYIO UHAYLIMPOBaHHYI0 YCTOMUYMBOCTb Y pacTeHWI NPOTUB BPeAHbIX OpraHn3MoB. B HacToAwlee Bpems
MeXaHU3M [ecTBMA GaKkTepuabHbIX MeTaboNMTOB IMMONENTUAOB Ha 3aLUUTHYIO CUCTEMY PAcTEHMIA TOIbKO Hauu-
HaloT nccnepoBatb. B gaHHoOM paboTe M3yyeHo AecATb LWUTaMMOB U M30M1ATOB 6aKTepuii, BbifeNeHHbIX U3 BHYTPEHHUX
TKaHel KynbTypHOW 1 AUKON nweHnLbl 1 Kaptodens. CekBeHMpoBaHue reHa 16S pPHK nokasano npuHagnexxHocTb
BCeX M30nATOB K poay Bacillus v peym Bugam — B. subtilis n B. velezensis. Y Bcex 6akTepuanbHbIX N301ATOB METOLOM
MUP 6b1nn naeHTMPULMPOBaHbI FeHbl NMMONENTUA CMHTa3 — CypdaKTUH CUHTa3bl (Bs_srf), NTypuH cuHTas (Bs_ituA,
Bs_ituB) n deHrmumH crnHTasbl (Bs_fenD). Bce wrammbl o6naganv apuLMLHOM aKTVUBHOCTBIO B OTHOLLEHUV OObIKHOBEH-
HoOW 311aKoBOW TU (Schizaphis graminum Rond.) 3a cHeT cCMHTe3a NMNonNenTMaOoB, YTO 6bINIO AOKA3aHO C MOMOLLbIO -
nonentug-6oratbix ¢ppakunit (JIbO), BbiAeNeHHbIX U3 WTaMMOB. SHAOGUTHbIE TMNONENTUA-CUHTE3MPYIOLWME WTaMMbl
Bacillus spp. onocpeaoBaHHO BAMUANN Ha XU3HECNOCOOHOCTb TN, BBIHOC/IMBOCTb PACTEHMI MO OTHOLUEHMIO K Te 1
3anycKaan CUCTEMHYIO MHAYLMPOBAHHYIO YCTOMYMBOCTb Y PAaCTEHWI, YTO MPOABAANOCH B PEryALMN OKUCTUTENbHO-
ro metabonunsma 1 HakomnIeHNM TPAHCKPUNTOB reHoB Pri, Pr2, Pr3, Pr6 n Pr9, 3a cueT CMHTe3a NMMONenTMAOB, YTO NoA-
TBepxAeHo ¢ nomoLbto JIB®, BbigeneHHbIX U3 Tpex WwTammoB — B. subtilis 26D, B. subtilis 11VM n B. thuringiensis B-6066.
B Hawen paboTe BnepBble NoKasaHo apuumaHoe fencrame GeHrnumHa 1 CnocobHOCTb LWITaMMOB 1 M30N1ATOB B. subti-
lis Tt|2, Bacillus sp. StI7 v B. thuringiensis B-6066, cuHTe3upytowmx GeHrmumH, perynmpoBaTb KOMMOHEHTbI NPO-/aHTu-
OKCVAAHTHON CUCTEMbl PacTeHUI, 3apakeHHbIX Tnel. Kpome Toro, BnepBble MPOAEMOHCTPUPOBaHA NMCUTOPHAA
ponb peHrnymHa B 3anycke CMCTEMHON YCTONYMBOCTY PAaCTEHUIA NWeHNLbI K S. graminum. O6Hapy»eHbl HOBble nep-
CMEeKTVBHbIE WTaMMbl 1 M30N1ATbl SHROOUTHBIX 6akTepunin popa Bacillus, KoTopble MOryT CTaTb OCHOBOW GyAyLUX 61O-
npenapaTos NPOTVB Tneil. O4HUM 13 KpuTepUeB NOMCKa HOBbIX GaKTepuiA, aKTVBHbIX MPOTUB HACEKOMBbIX, MUTAIOLLNX-
¢ GNIO3IMHBIM COKOM, MOXKeT ObITb Hasmumne B 6akTepranbHOM reHOMe reHOB IMMOoNenTuA CUHTas3.

KnioueBbie cnoBa: Bacillus spp.; Schizaphis graminum; snpo¢uTHble 6akTepuu; MLUP; MLP B peansHom BpeMeHu; pac-
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TVITeJ'IbHO-MVIKpO6HbIe B3aVIMOAENCTBMA; NIUNONeNTUAbI; 6V|onpenapaTb|.

Introduction

Insects of the order Hemiptera, aphids, whiteflies, planthop-
pers, including the Greenbug aphid Schizaphis graminum,
which are sap-sucking insects, can cause severe yield losses
of up to 60-80 % due to their influence on photosynthesis
processes and biomass growth rate (Koch et al., 2016; Rad-
chenko et al., 2022). Currently, chemical insecticides remain
the main agents of controlling phloem-feeding pests, leading
to the emergence of new pesticide-resistant forms of pests.
Therefore, it is necessary to find environmentally friendly
biological control agents to defend plants from pests. Such
effective biological control agents can be endophytic growth-
promoting bacteria that can live inside plants without causing
diseases in them (Rani et al., 2022).

Currently, many researchers suppose that endophytes
protect plants from stress through the mechanisms of direct
or indirect protective effects on harmful organisms due to
the synthesis and secretion of diverse metabolites (Oukala et
al., 2021; Xia et al., 2022). The direct action of endophytes
is carried out due to the biocidal activity of some metabolites
(bacteriocins, biosurfactants, lipopeptides). Indirect action
is expressed in the ability of endophytes to stimulate growth
processes in plants, improve the immune system of plants,
and build a durable defense of the host against harmful or-
ganisms, which is known as priming (Rashid, Chung, 2017;
Xia et al., 2022). Bacteria-induced priming provides faster
and longer-lasting plant protection throughout the growing
season with low physiological costs, making endophyte-based
biocontrol agents very promising (Oukala et al., 2021; Rani
etal., 2022; Xia et al., 2022). Activation of the plant immune
system and priming by endophytes is realized by triggering
induced systemic resistance (ISR) against harmful organisms,
which has been shown by many researchers and summarized
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inrecent reviews (Oukala et al., 2021; Rani et al., 2022; Xia et
al., 2022). Endophyte-activated ISR is regulated by bacterial-
produced hormone-like substances with growth-regulating
activity such as abscisic (ABA), salicylic (SA), jasmonic
acids (JA), and ethylene (ET) (Pieterse et al., 2014; Rashid,
Chung, 2017). The characteristic features of ISR are jumps in
the generation of reactive oxygen species (ROS) and changes
in the gene expression with a focus on defense-related genes
of pathogenesis-related proteins (PR proteins) (Oukala et al.,
2021; Xia et al., 2022).

Bacteria of Bacillus spp. are famous for their ability to syn-
thesize a wide range of diverse metabolites (Miljakovi¢ et al.,
2020). Bacterial metabolites are the active ingredient of any
biocontrol agent. Lipopeptides are one of the major classes of
bacterial metabolites intensively researched in recent years.
Lipopeptides are small peptides that have biocidal properties
against mycoplasmas, bacteria, yeasts, fungi, oomycetes, ne-
matodes, and pests due to their capability to connect to the
lipid bilayer of the plasmalemma and change its permeability
(Andri¢ et al., 2021). Bacteria of the genus Bacillus produce
lipopeptides of three families: surfactins, fengycins and iturins
(Andri¢ et al., 2021). Recently, the insecticidal activity of li-
popeptides against the orders Diptera, Coleoptera, Hemiptera,
and Lepidoptera have been shown in some studies (Rodriguez
et al., 2018; Denoirjean et al., 2022). Currently, the eliciting
role of lipopeptides in triggering systemic resistance in plants
is being actively studied (Rashid et al., 2018; Tunsagool et al.,
2019; Miljakovi¢ et al., 2020). The elicitor role of lipopeptides
against a wide range of pathogens of plants has been shown
in many studies (Tunsagool et al., 2019; Jiang et al., 2021).
However, information on the elicitor role of lipopeptides in
triggering ISR in plants against sucking insects is limited
(Rashid et al., 2018; Rumyantsev et al., 2023).
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Thus, the search for highly effective endophytic strains for
plant protection against sap-sucking insects using the prim-
ing mechanism, the study of the metabolic composition and
mechanisms of action of endophytes is an urgent task. In
this regard, the aim of our work was to study the elicitor role
of lipopeptides and the ability of endophytic bacteria that
synthesize lipopeptides to protect plants through the priming
mechanism. To do this, in our work we searched for strains
and isolates of the genus Bacillus capable of synthesizing
lipopeptides, studied the insecticidal activity of bacteria in
relation to Greenbug aphid, and also studied the indirect effect
of endophytes and lipopeptide-rich fractions (LRFs) of three
strains — B. subtilis 26D, B. subtilis 11VM and B. thuringien-
sis B-6066 — on the redox status, indicators of resistance
(antibiosis and endurance) to the pest, and changes in the
expression of defense-related genes of PR proteins of wheat
plants populated by S. graminum.

Materials and methods

Bacteria, plants and insects. In this work, gram-positive
aerobic endophytic bacteria from the collection of the Labo-
ratory of Biochemistry of Plant Immunity of the Institute of
Biochemistry and Genetics of the Ufa Federal Research Centre
of the Russian Academy of Sciences (UFRC RAS) were used.
Three strains of Bacillus subtilis, 26D (Russian Collection
of Agricultural Microorganisms (RCAM), No. 128), IIVM
(RCAM No. 519), TtI2 (isolated from the leaves of Triticum
timopheevii Zhuk., Republic of Bashkortostan), one strain of
B. thuringiensis, B-6066 (All-Russian collection of industrial
microorganisms (ARCIM), No. 6066), and six isolates of Ba-
cillus spp. isolated from leaves of wheat and potatoes growing
on the territory of the Republic of Bashkortostan were used.
Bacteria were grown on liquid lysogenic broth (LB) medium
(1 % tryptone, 0.5 % yeast extract and 0.5 % NaCl) in 50 ml
flasks at 28 °C using laboratory shakers (120 rpm) within 72 h
until complete sporulation.

In this work, we studied the population of Greenbug aphid
(Schizaphis graminum Rond.), 2020, which was maintained
under laboratory-controlled conditions on plants of common
spring wheat (7riticum aestivum L.) cv. Salavat Yulaev (SY)
as described previously (Rumyantsev et al., 2023). Seeds of
cv. SY were obtained from the Bashkir Research Institute of
Agriculture — Subdivision of the UFRC RAS.

Isolation of DNA from bacteria. Genomic DNA from
bacteria was isolated with a lysis buffer containing 1 % Che-
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lex 100 resin (BioRad Laboratories, USA), as described earlier
(Veselova et al., 2022).

16S rRNA gene sequencing. The gene of 16S rRNA was
amplified using the universal primers 27F (5'-CAGAGTTT
GATCCTGGCT-3’) and 1492R (5'-AGGAGGTGATCCAG
CCGCA-3"). Amplified fragments of the 16S RNA gene of
Bacillus spp. isolates were visualized on a 1 % agarose gel
stained with ethidium bromide. Then, PCR fragments of the
16S RNA gene were excised from the agarose gel and puri-
fied using a diaGene agarose gel DNA elution kit (DiaM,
Russia). Sanger sequencing of PCR fragments was performed
on a 3500xL genetic analyzer from Applied Biosystems
(Evrogen, Russia). BLAST software was used for alignment
and comparison of the obtained sequences of Bacillus spp.
isolates with sequences deposited in GenBank. These results
were used for identifying what matched the searched sequence
and what species the isolates under consideration belonged
to. Data on sequences and species of bacteria were submitted
in GenBank (see Table 3).

Detection of genes of lipopeptide synthetase in the Bacil-
lus spp. strains and isolates by PCR. The genes of lipopep-
tide synthetase — surfactin synthetase (srf’), iturin synthetases
(itud, ituB) and fengycin synthetase ( fenD) — were identified
in bacterial strains and isolates using PCR with gene-specific
primers. Primers to the bac gene encoding 16S RNA of Bacil-
lus spp. were used as an inner control. The sequences of all
primers are presented in Table 1.

Isolation of the lipopeptide-rich fraction (LRF) from the
Bacillus spp. strains. LRFs from the acidified liquid bacterial
culture medium of three Bacillus spp. strains B. subtilis 11VM,
B. subtilis 26D and B. thuringiensis B-6066 and two isolates
Bacillus sp. Tas2.1 and Bacillus sp. Tas8.2 were obtained by
ethanol extraction followed by purification on an Amicon
Ultracel-3K filter (Merck KGaA, Darmstadt, Germany) as
described previously (Maksimov et al., 2020). The purified
lipopeptide fraction was weighed and dissolved in 80 %
ethanol, the growth-promoting concentrations selected earlier
were used (Maksimov et al., 2020).

Aphicidal activity of the Bacillus spp. strains and iso-
lates. Aphicidal activity of bacterial strains and LRF was
studied on first cut leaves of wheat seedlings cv. SY, placed in
test tubes with 5 ml of the bacterial suspension at the concen-
tration of 107 cells/ml (control tubes contained 5 ml of sterile
water) or those with 5 ml of LRF at various concentrations
from 2.5 to 200 pg/ml according to a method modified for

Table 1. Nucleotide sequences of primers, bacterial genes encoding lipopeptide synthases

Amplicon size, bp

F — ATGAAGATTTACGGAATTTATATG 675

R - TTATAAAAGCTCTTCGTACGAG

F — ATGAAAATTTACGGAGTATATATG 674

R - TTATAACAGCTCTTCATACGTT

F - AAGAAGGCGTTTTTCAAGCA 508

R - CGACATACAGTTCTCCCGGT

F -TTTGGCAGCAGGAGAAGTTT 964

R - GCTGTCCGTTCTGCTTTTTC

F - ACCAGAAAGCCACGGCTAACTAC 356

R - GGCGGAAACCCCCTAACACT

Genes GenBank Accession number Sequence (5'-3")
Bs_srf EU882341
Bs_ituA D21876.1
Bs_ituB KR149331
Bs_fenD AJ011849
Bs_Bac NR102783
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wheat and described earlier (Veselova et al., 2019). Aphicidal
activity was expressed as mortality rate (%) among the total
number of aphids (Veselova et al., 2019).

Experimental conditions. Before planting, some wheat
seeds were treated with a liquid culture of bacteria in a semi-
dry manner at growth-stimulating concentrations selected
carlier (Alekseev et al., 2021; Rumyantsev et al., 2023). The
cell titer in the suspension was counted at 600 nm using
a SmartSpectm Plus spectrophotometer (Bio-Rad, USA) cer-
tified for this task. The cell titer of the studied cultures was
(1.8-2)10 cells/ml; by adding distilled water, the suspensions
were diluted to a final titer of (2—4)-10° cells/ml and the result-
ing suspensions were used for seed treatment. The final titer
of B. subtilis 26D, Bacillus sp. Tas2.1 and B. thuringiensis
B-6066 was 4-10° cells/ml. The final titer of Bacillus sp.
Tas8.2, B. subtilis 11VM, B. subtilis Tt12 and Bacillus sp.
St17 was 2-10° cells/ml.

Wheat seedlings were grown in 1-liter vessels on an aquatic
culture (10 % Hoagland—Arnon solution) under aphid breeding
conditions. Solutions of LRFs at growth-stimulating concen-
trations selected earlier (Alekseev et al., 2021) were added
to the plant nutrient medium 24 h before aphid colonization.
After 24 h, the medium was replaced with Hoagland—Arnon
solution without LRFs. Growth-promoting concentrations of
LRF of Bacillus spp. strains B. subtilis 11VM, B. subtilis 26D
and B. thuringiensis B-6066 and isolates Bacillus sp. Tas2.1
and Bacillus sp. Tas8.2 were 1.5, 2.5, 1.5, 2.5 and 2.0 pg/ml,
respectively (Alekseev etal., 2021). Plant treatment with LRFs
was carried out to establish the elicitor role of lipopeptides in
the induction of defensive signaling pathways in plants and
did not pursue the goal of studying these metabolites as in-
dependent biocontrol agents. The colonization of 4-day-old
wheat seedlings by aphids was carried out as described earlier
(Rumyantsev et al., 2023).

Antibiosis test and endurance test. The antibiosis test
was carried out as described earlier (Veselova et al., 2019).
Mortality and fecundity of aphids were expressed as % of
the total number of aphids. The propagation coefficient was
calculated as described earlier (Veselova et al., 2019). Plant
endurance was assessed by measuring the length of the first
and second leaves of seedlings as described previously and
expressed as % leaf growth compared to uninfected control
(Veselova et al., 2019).

The content of hydrogen peroxide (H,0,) and the ac-
tivity of enzymes — peroxidase (POD) and catalase (CAT)
were analyzed according to standard methods (Rumyantsev
et al., 2023). To measure the content of hydrogen peroxide
(H,0,) and enzyme activity, plant material was homogenized
24 and 72 hours after colonization by S. graminum in 0.05 M
Na-phosphate buffer (PB), pH 6.2, in aratio of 1:5 (wt/vol) and
incubated at 4 °C for 30 min. The supernatant was separated
by centrifugation at 15,000 g for 15 min (5415K Eppendorf,
Germany). The concentration of H,0O, in the supernatant was
determined according to the method of (Bindschedler et al.,
2001; Maksimov et al., 2011), using orange xylenol in the pre-
sence of Fe2*ions. After coloring, the mixture was centrifuged
for 5 min at 10,000 g and the optical density was measured
at a wavelength of 560 nm on an LS 55 Luminescence Spec-
trometer (Perkin Elmer, USA). H,O, content was calculated
using a calibration curve and expressed in pmol H,O,/g fresh
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weight (FW). POD activity was determined by a micromethod
in 96-well plates (Corning-Costar, USA) by the oxidation of
(o-)phenylenediamine in the presence of H,O, at 490 nm on
a Benchmark Microplate Reader spectrophotometer (Bio-Rad
Laboratories, USA) (Veselova et al., 2014). The enzyme ac-
tivity was expressed in optical density/mg protein per minute,
which corresponded to the amount of oxidized substrate caus-
ing an increase in optical density in 1 min. CAT activity was
determined by a micromethod based on the ability of H,O, to
form a stable colored complex with molybdate salts (Veselova
et al., 2014). Optical density was measured at 405 nm on
a Benchmark Microplate Reader spectrophotometer. CAT
activity was calculated using a calibration curve and expressed
in pmol H,0,/(mg protein per min). Protein content was de-
termined by the Bradford method.

Performing qPCR. Isolation of RNA from wheat leaves
(five plants per repeat) fixed in liquid nitrogen 1, 3, and 6 days
after aphid infestation was performed using Lira® (Biolabmix,
Russia) according to the manufacturer’s instructions. cDNA
synthesis was performed as described previously (Veselova
et al., 2022). Expression of genes encoding PR proteins was
analyzed by quantitative real-time PCR using a CFX Con-
nect real-time PCR Detection System device (BioRad Labo-
ratories, USA) and a set of predefined reagents EvaGreen |
(Sintol, Russia). In the work, primers for the genes encoding
PR1 protein, PR2 protein — glucanase, PR3 protein — chi-
tinase, PR6 protein — proteinase inhibitors and PR9 protein
peroxidase were used. To standardize the data, the wheat gene
TaRli (RNaseLinhibitor-like) was used as an inner reference
for the real-time qPCR analysis. Primers for qRT-PCR were
designed using a web-based primer designing tool from IDT
(http://eu.idtdna.com/Scitools/Applications/Primerquest)
(USA). Primer sequences were validated by the presence of
only a single peak on the thermal dissociation (Tm) curve
generated by the thermal denaturing protocol. The sequences
of all primers are presented in Table 2.

To quantify relative gene expression, the delta-delta Ct
method was applied using the CFX Connect real-time PCR
Detection System (BioRad Laboratories, USA) as described

Table 2. Nucleotide sequences of primers
for wheat genes encoding PR-proteins

Genes  GenBank Sequence (5'-3')
Accession number

TaPr1 AF384143 F — ATAACCTCGGCGTCTTCATC

R - GCTTATTACGGCATTCCTTTT
TaPr2 DQ090946 F - CTGACCTACACATCCCTGTTC

R - CTCGGAAATCACCACCTTCA
TaPr3 AB029936 F - CCATCCAGATCTCACACAACTAC

R — ACCACAACGCCGTCTTAAA
TaPr6 EU293132.1 F - GGGCCCTGCAAGAAGTACTG

R - ACACGCATAGGCACGATGAC
TaPr9 AK333699 F - CAACTGCAGGGTTCCCAATA

R — CCTAGCTACCCGTTCATCTTTC
TaRli AY059462 F - GCTGTGTATTGGTTGTGGTATTT

R - GCGATGGGTAGTATCTTTCTCC
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Table 3. Characterization of bacteria isolated from the inner tissues of plants

Isolate number Source of origin

Species designation

Accession number in GenBank

Tt Triticum timopheevii Bacillus velezensis OR775749
Tas2 Triticum aestivum Bacillus subtilis OR775745
Tas2.1 Triticum aestivum Bacillus subtilis OR775746
Tas8.2 Triticum aestivum Bacillus subtilis OR775748
TV2 Triticum aestivum Bacillus velezensis OR775756
Ttl2 Triticum timopheevii Bacillus subtilis OK427265
Stl7 Solanum tuberosum Bacillus sp. MT613864

previously (Veselova et al., 2022). Three independent biologi-
cal and three technical replications were performed for each
experiment.

Statistical analysis. The experiments were carried out in
triplicate with a different number of biological repetitions,
from 3 to 10, depending on the type of analysis. The exact
number of replicates for each analysis is indicated in the table
note or figure legend. Experimental data were expressed as
means + SE, which were calculated in all treatments using
MS Excel. The significance of differences was assessed
by ANOVA followed by Duncan’s test (p < 0.05) with
STATISTICA 10.0 software.

Results

Characterization of bacteria isolated

from the inner tissues of plants

Two strains, B. subtilis 26D and B. subtilis 11 VM, were used in
the work as reference endophytic strains with known proper-
ties and protective action against Greenbug aphid (Rumyan-
tsev et al., 2023). Previously, it was shown that the B. subti-
lis 26D strain synthesizes surfactin, and the B. subtilis 11VM
strain synthesizes iturin (Rumyantsev et al., 2023). B. thurin-
giensis B-6066 also induced resistance against aphids, but was
not tested for the ability to synthesize lipopeptides (Veselova
etal., 2019).

Two isolates from the UFRC RAS collection of microorga-
nisms were previously sequenced using 16S RNA gene frag-
ments: Bacillus sp. Stl7 (GenBank: MT613864) (isolated from
the inner tissues of leaves of Solanum tuberosum L., Republic
of Bashkortostan) and B. subtilis Ttl2 (GenBank: OK427265)
(Sorokan et al., 2020; Veselova et al., 2022) (Table 3). For the
remaining five isolates, presented in Table 3, fragments of the
16S RNA gene were sequenced in this work. Isolate of Bacil-
lus sp. Ttll was isolated from the inner tissues of the leaves
of T. timopheevii, the remaining isolates of Bacillus sp. Tas2,
Tas8.2, TV2 and Tas2.1 were isolated from the inner tissues
of common spring wheat leaves (7. aestivum) (Table 3). Iso-
lates of Bacillus sp. Ttl1 and TV2 were designated as Bacillus
velezensis. Isolates of Bacillus sp. Tas2, Tas2.1, Tas8.2 were
designated as B. subtilis (Table 3).

Detection of genes of lipopeptide synthetases

in the Bacillus spp. strains and isolates

Ten strains and isolates of the Bacillus spp. were tested for the
presence of lipopeptide synthetases genes (Fig. 1).

280

Fig. 1. PCR analysis of bacteria Bacillus spp. for the presence of lipopep-
tide synthetase genes: srf — surfactin synthetase, ituA and ituB - iturin
synthetase, and fenD - fengycin synthetase, bac - reference gene. The
samples are indicated as follows: 1 — B. subtilis 26D; 2 — B. subtilis Tas2;
3 — B. subtilis Tas8.2; 4 — B. subtilis Tas2.1; 5 — B. subtilis11VM; 6 — B. vele-
zensis TV2; 7 — B. velezensis Ttl1; 8 — B. subtilis Ttl2; 9 — Bacillus sp. Stl7;
10 - B. thuringiensis B-6066.

Asin B. subtilis 26D, in the strains of B. subtilis Tas2, Tas8.2
and Tas2.1, gene encoding surfactin synthetase srf was found
(Fig. 1). As inthe B. subtilis | VM strain, in the B. subtilis Tt12
strain and the Bacillus sp. Stl7 isolate, genes encoding iturin
synthetase ituA and ituB and fengycin synthetase fenD were
found, and in the strains of B. velezensis, TV2 and Ttl1, only
genes encoding inturin synthetase were detected. The genes
encoding surfactin and fengycin synthetase were identified in
the B. thuringiensis B-6066 strain (Fig. 1).

Direct aphicidal effect of endophytic strains and isolates

of bacteria Bacillus spp. and LRF on the S. graminum
Analysis of the aphicidal activity of ten strains and isolates of
the genus Bacillus showed that all bacteria had high insecti-
cidal activity against Greenbug aphid (Table 4).

Aphid mortality increased from 8 to 50-77 % during
feeding on bacterial suspension (Table 4). Accordingly, the
fecundity of aphids decreased. In addition, bacteria reduced
the propagation coefficient of aphids by 2—5 times (Table 4).
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Table 4. Aphicidal (insecticidal) effect of endophytic strains and isolates of the genus Bacillus against S. graminum

Isolate/Strain Mortality, %

Control 8.0+1.1°
B. subtilis 26D 66.7 + 5.3°
B. subtilis Tas2 61.2 +5.3¢
B. subtilis Tas8.2 76.7 +6.79
B. subtilis Tas2.1 733 +5.74
B. subtilis 11VM 72.3+8.1d
B. velezensis TV2 49.8 +2.3¢
B. velezensis Ttl1 583 +4.1¢
B. subtilis Ttl2 69.5 + 5.5P
Bacillus sp. Stl7 68.2 +6.4P
B. thuringiensis B-6066 76.8 +8.74

Fecundity, % Propagation coefficient

80.1 +4.52 247 +£0.152
333+1.8° 0.78 +0.07°
38.8+2.9¢ 1.07 £ 0.12¢
233+ 1.3 0.71 +£0.04°
26.7 + 1.59 0.80 +0.10°
27.7 +1.69 0.50 +0.02¢
50.2 +4.2¢ 0.92 + 0.05¢
417 +2.2f 1.03 +0.08¢
305+ 1.7° 1.10 £ 0.05¢
31.8+1.9° 0.80 +0.03°
232+ 1.49 0.10 £ 0.001¢

Note.The same Latin letters in one column indicate that the values aren’t statistically different according to Duncan’s test (n = 30, p < 0.05).

The greatest aphicidal activity was shown by the B. subtilis
26D, B. subtilis 11VM, B. subtilis Tt12, B. subtilis Tas2.1,
B. subtilis Tas8.2 and B. thuringiensis B-6066 strains and the
Bacillus sp. Stl7 isolate (Table 4).

All studied strains synthesized lipopeptides (Fig. 1). To
confirm the hypothesis about the role of lipopeptides in the
aphicidal activity of Bacillus spp. LRFs were isolated from
five strains. First of all, the aphicidal activity of LRFs was
tested. The aphicidal activity of LRFs of the strains B. subti-
lis 26D (LRFBs26D) and B. subtilis 11VM (LRFBs11VM)
was studied previously (Rumyantsev et al., 2023). And it
was shown that the concentration of 25 pg/ml of LRFBs26D
or LRFBs11VM caused the death of 50 % of aphids, and
100 % death of aphids was caused by 150 pg/ml already on
the 5th day of feeding (Rumyantsev et al., 2023). LRFs of
the strains B. subtilis Tas8.2, B. subtilis Tas2.1 and B. thurin-
giensis B-6066 (LRFBsTas8.2, LRFBsTas2.1 and LRFBt
B-6066) as well as the strains themselves had a negative effect
on the viability of S. graminum at direct influence (Fig. 2).
The concentration of 25 pg/ml of LRFBsTas8.2 and LRFBt
B-6066 caused death in more than 50 % of aphids, but not
LRFBsTas2.1. However, 100 % of aphids died on the 5th day
of feeding with solutions of LRFBsTas8.2, LRFBsTas2.1 and
LRFBt B-6066 at a concentration of 50 pg/ml (Fig. 2).

The plant-mediated effect of endophytes of Bacillus spp.
and LRF on various types of resistance (antibiosis,
endurance) of wheat plants against S. graminum

In further study of the indirect effect of bacteria on the pest,
seven strains and isolates were taken that showed the high-
est aphicidal activity, which are presented in Table 5. All
seven bacterial strains and isolates had an indirect effect on
aphid mortality and propagation coefficient. Aphid mortal-
ity increased from 10.9 to 36.3 % during aphid feeding on
bacteria-treated plants (Table 5). Some bacteria reduced the
propagation coefficient of aphids by 1.5-2 times (Table 5).
The B. subtilis 26D and B. thuringiensis B-6066 strains and
the Bacillus sp. Stl7 isolate had the greatest effect on aphid
mortality, and the propagation coefficient was most strongly
influenced by the B. subtilis 26D, B. subtilis Tt12, B. subtilis
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Fig. 2. Aphicidal activity of LRFs of the strains B. subtilis Tas8.2 (a), B. sub-
tilis Tas2.1 (b) and B. thuringiensis B-6066 (c) against Greenbug aphid
S. graminum.

Concentrations used for LRFs were 2.5, 5, 10, 25, 50, 100, 150 and 200 pg/ml.
Figures present means + SE (n = 15). Columns of each histogram marked with
the same Latin letters indicate that the values aren't statistically different
according to Duncan’s test (p < 0.05).

Tas2.1 and B. subtilis Tas8.2 strains (Table 5). Moderate sus-
ceptible cv. SY showed low tolerance (endurance) to S. gra-
minum, which manifested itself in inhibition of the growth
of the first and second leaves in seedlings by 20 and 30 %,
respectively (Table 5). Treatment of plants with bacterial

281



S.D. Rumyantsev, V.Y. Alekseev, A.V. Sorokan, G.F. Burkhanova
E.A. Cherepanova, I.V. Maksimoyv, S.V. Veselova

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

Table 5. The effect of endophytes of Bacillus spp. on the vitality of aphids and endurance of S. graminum-infested wheat plants

Isolate/Strain Aphid indices of vitality (antibiosis)

Mortality, Propagation

% coefficient
Control (Water) 109 +1.52 2.47 +0.152
B. subtilis 26D 31.5+22b 132+0.10P
B. subtilis Tas2.1 226+ 1.1¢ 1.54+0.12¢
B. subtilis Tas8.2 28.7+1.4b 1.25 +0.09P
B. subtilis 11VM 243 +34¢ 2.10+0.139
B. subtilis Ttl2 224 +25°¢ 1.60 +0.11¢
Bacillus sp. StI7 35.5 +3.84 1.95 +0.124
B. thuringiensis B-6066 36.3 +3.59 2.08 +0.159

Plant endurance

Growth rate of the 1st leaf, Growth rate of the 2nd leaf,
% of control % of control

79.2+6.12 69.9 + 5.1
1147 +7.3bP 142.0 +12.9°
110.0 + 6.6 111.0+4.7¢
1132+8.1P 116.0 +5.8¢
103.2 + 5.6 115.0 +9.2¢
107.8 +5.8¢ 122.5+12.39

97.8+4.64 117.6 +9.5¢
103.6 + 2.5¢ 121.0+7.19

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial strains and non-infested with aphids is 100 %. The same Latin letters in one column
indicate that the values aren't statistically different according to Duncan’s test (n = 30, p < 0.05).

Table 6. Effect of lipopeptide-rich fractions (LRFs) of three Bacillus spp. strains
on the vitality of aphids and endurance of S. graminum-infested wheat plants

LRF from strain

Aphid indices of vitality (antibiosis)

Plant endurance

Mortality, Propagation Growth rate of the 1st leaf, Growth rate of the 2nd leaf,
% coefficient % of control % of control

Control 109+1.52 2.47 +0.15° 79.2+6.12 69.9+5.12

LRF of B. subtilis 26D (surfactin) 249 +23b 1.3+0.09P 107.0+5.7° 102.1+5.00

LRF of B. subtilis 11VM (iturin) 209 +2.6¢ 1.2 +0.08P 98.1+6.2¢ 102.3 +8.0P

LRF of B. thuringiensis B-6066 21.5+3.9¢ 0.9 £0.03¢ 113.0+£8.2b 953 +3.0¢

(fengycin + surfactin)

LRF of B. subtilis Tas8.2 (surfactin) 18.6 £4.9¢ 2.2 +0.309 99.5 + 3.6 93.6 + 5.4¢

LRF of B. subtilis Tas2.1 (surfactin) 141 +5.19 1.5+0.20P 113.0 + 4.0° 100.0 +2.8°

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial suspensions and non-populated with aphids is 100 %. The same Latin letters in one
column indicate that the values aren't statistically different according to Duncan’s test (n = 30, p < 0.05).

strains and isolates increased plant resistance to Greenbug
aphid by accelerating leaf growth by 10-20 % compared to
the control and by 30-50 % compared to plants infested with
aphids (Table 5).

Since the effect of bacteria on plants and pests depends on
the synthesis of various metabolites, we tested the indirect
effect of LRF from five bacterial strains presented in Table 6
on the aphid indices of vitality and endurance of wheat plants.

Major lipopeptides in the LRFBs26D and LRFBs11VM
were surfactin and iturin, respectively, which was confirmed
by HPLC (Rumyantsev et al., 2023). LRFBt B-6066 pre-
sumably contained a mixture of fengycin and surfactin and
LRFBsTas8.2, LRFBsTas2.1 contained surfactin (Fig. 1).
Growth-promoting concentrations of LRFBs26D, LRFBs
11VM, LRFBt B-6066, LRFBsTas8.2, and LRFBsTas2.1
increased plant tolerance to the pest and increased aphid mor-
tality, but to a lesser extent than bacterial strains (Table 6).

However, the propagation coefficient of aphids decreased
much more during feeding on LRF-treated plants than on
plants treated with the B. subtilis 11VM and B. thuringiensis
B-6066 strains. LRFBt B-6066 had the greatest influence on
the propagation coefficient of aphids, which indicates the role

of fengycin in the indirect effect on aphid indices of vitality
(Table 6). Thus, the results of this work show that lipopeptides,
besides the direct insecticidal effect (Rumyantsev et al., 2023),
manifest an indirect effect on the pest.

The plant-mediated effect of endophytes of Bacillus spp.
and LRFs on changes in the redox status
of S. graminum-infested wheat plants
The plant-mediated effect of endophytes of Bacillus spp.
and their LRFs on plant endurance and indices of vitality of
aphids may be connected with the start of induced systemic
resistance (ISR) in plants (Rashid, Chung, 2017; Veselova et
al., 2019). During the development of ISR, bacteria can af-
fect the accumulation of ROS, both locally and systemically
(Rashid, Chung, 2017).

The infestation of non-bacterial control plants by aphids led
to a decrease in the content of hydrogen peroxide (Fig. 3a, b),
the absence of an increase in peroxidase activity (Fig. 3¢, d)
and an increase in catalase activity (Fig. 3e, /) 24 and 72 hours
post aphid infestation and was accompanied by low aphid
mortality and low plant endurance (Table 5). In wheat plants
treated with strains and isolates of Bacillus spp. and infested
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Fig. 3. The effect of endophytes of Bacillus spp. on the content of hydrogen peroxide (H,0,) (a, b), activity of peroxidase (c, d), and activity of catalase (e, f)

of S. graminum-infested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbacterized plants; Bs 26D, Bs Tas8.2, Bs Tas2.1, Bs 11VM, Bs Ttl2, B StI7 and Bt B-6066 —
plants treated by the appropriate strain or isolate. Figures present means + SE (n = 9). Columns of each histogram marked with the same Latin letters indicate that

the values aren't statistically different according to Duncan’s test (p < 0.05).

with S. graminum, a sharp accumulation of H,0,, an increase
in POD activity, no change in CAT activity compared to the
control ones were found (Fig. 3).

The accumulation of H,O, that was observed in bacterized
plants of colonized aphids was associated with high pest mor-
tality (Table 5, Fig. 3a, b). Treatment with strains B. subtilis
26D, B. subtilis 11VM, and B. thuringiensis B-6066 had the
greatest effect on H,O, accumulation 24 hours after aphid
infestation. All strains and isolates equally increased the con-
tent of H,O, after 72 hours post aphid infestation (Fig. 3a, b).

Treatment with strains B. thuringiensis B-6066, B. subtilis
11VM, B. subtilis Tas8.2 and Bacillus sp. Stl7 isolate increased
POD activity earlier than treatment with strains of B. subtilis
26D, B. subtilis Tt12 and B. subtilis Tas2.1 (Fig. 3¢, d). The
first bacteria mentioned acted 24 hours after plant infesta-
tion by aphids, and the second bacteria mentioned activated
POD 72 hours after plant infestation by aphids (Fig. 3¢, d).
LRFs affected components of the pro-/antioxidant system of
plants in the same way as bacterial strains (Fig. 4). However,
LRFBs26D, LRFBt B-6066, and LRFBs11VM significantly
induced the accumulation of H,O, only 72 hours after plant
colonization with the pest (Fig. 4a), unlike bacteria that in-
duced H,0, accumulation after 24 hours of feeding (Fig. 3).

LRFBs11VM and LRFBs26D increased POD activity in
plants infested with aphids, as well as in plants treated with
bacterial strains B. subtilis 11 VM and B. subtilis 26D (Fig. 4D,

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

Fig. 3). LRFBt B-6066 increased POD activity later than
treatment with the bacterial strain, only 72 hours after aphid
infestation (Fig. 4b). Treatment of wheat plants with LRFs
did not lead to an increase in CAT activity during aphid feed-
ing (Fig. 4¢). Such results may indicate the possible role of
lipopeptides in the induction of systemic resistance against
Greenbug aphid in wheat.

The plant-mediated effect of endophytes

of Bacillus spp. and LRFs on changes in the expression

of defense-related genes of PR proteins of wheat plants
populated by S. graminum

Another indicator of the formation of systemic resistance in
plants is considered to be an increase in the expression of
defense-related genes of pathogenesis-related (PR) proteins,
which is regulated by intermediate products of cell signaling
systems (for example, H,0O,) and phytohormones (Picterse et
al., 2014). The expression of defense-related Pr genes, sali-
cylate (SA)-regulated and ethylene/jasmonate (JA)-regulated
markers have been studied to test the bacteria-mediated acti-
vation of systemic resistance in S. graminum-infested plants.
Proteins PR 1, PR2 (glucanases) are markers of the SA signal-
ing pathway. PR3 proteins (chitinases) are considered ethylene
(ET)-regulated markers, and PR6 proteins (proteinase inhi-
bitors) are considered JA-regulated markers. Proteins of PR9
(peroxidases) are both SA-responsive and JA-responsive
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Fig. 4. Effect of lipopeptide-rich fractions (LRFs) of the B. subtilis 26D
(LRFBs26D), B. subtilis 11VM (LRFBs11VM) and B. thuringiensis B-6066
(LRFBt B-6066) strains on the content of hydrogen peroxide (H,0,) (a),
activity of peroxidase (b), and activity of catalase (c) of S. graminum-in-
fested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbac-
terized plants; LRFBs26D, LRFBs11VM and LRFBt B-6066 — plants treated by the
appropriate LRFs 24 h before aphid infestation. Figures present means + SE
(n = 9). Columns of each histogram marked with the same Latin letters in-
dicate that the values aren't statistically different according to Duncan’s test
(p <0.05).

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

pathogenesis-related proteins (Pieterse et al., 2014). In this
work, in the moderately susceptible cv. SY, a slight increase
of transcripts level of the Pr3 and Pr6 genes, markers of the
ET- and JA-signaling pathways, respectively, and an increase
of the expression levels of the Pr9 gene 72 hours after aphid
colonization were found (Table 7).

The effect of bacterial treatment on the expression of
Pr genes had a different pattern. All seven bacterial strains
and isolates increased the transcripts level of the Pr9 gene in
aphid-infested plants compared to the control (Table 7). Six
strains and isolates, excluding the B. subtilis Tas2.1 strain,
increased the expression levels of the Pr3 gene, an ET-re-
gulated marker, in S. graminum-infested plants. However,
only two strains, B. thuringiensis B-6066 and B. subtilis Ttl2,
influenced the expression levels of the Pr3 gene more strongly
than others (Table 7).

Only four strains of B. subtilis 26D, 11VM, Tas8.2 and
Tas2.1 significantly increased the expression levels of SA-re-
gulated markers genes Pr/ and Pr2 in S. graminum-infested
plants compared to the control. Only one strain of B. thurin-
giensis B-6066 increased the expression levels of the Pr6 gene,
amarker of the JA-signaling pathway, in S. graminum-infested
plants (Table 7).

LRFs affected the expression of defense-related Pr genes
of plants in the same way as bacterial strains, however, the
degree of influence of LP was much higher (Fig. 5). Treat-
ment with LRFBs26D, in which the major lipopeptide was
surfactin, affected the accumulation of mRNA levels of the
Pri and Pr2 genes in S. graminum-infested plants more than
treatment with the B. subtilis 26D strain (Fig. 5a). Treatment
with LRFBs11VM, in which the major lipopeptide was iturin
and which also contained fengycin, increased the expression
levels of the Pr/ and Pr3 genes in S. graminum-infested plants
twice as much as treatment with the B. subtilis 11VM strain
(Fig. 5a, b). The effect of LRFBt B-6066 on the expression of
Pr genes resembled the effect of the B. thuringiensis B-6066
strain (Fig. 5, Table 7).

Table 7. The effect of endophytes of the Bacillus spp. on changes in the expression of Pr genes

of wheat plants infested by S. graminum

Isolate/Strain Genes
TaPri TaPr2

Control 100 + 5° 100 + 42
Aphid 66 + 32 126 + 52
Bs 26D + Aphid 382 +23¢ 223+ 15P
Bs Tas2.1 + Aphid 80+ 42 200 + 18P
Bs Tas8.2 + Aphid 250 + 17 300 + 24¢
Bs 11VM + Aphid 170 + 158 120 + 52
Bs TtI2 + Aphid 80+ 22 85 + 42
B Stl7 + Aphid 110+ 32 100 + 62
Bt B-6066 + Aphid 70 +32b 140 + 54

TaPr3 TaPr6 TaPr9

100 + 622 100 + 32 100 + 72
143 =+ 52¢ 270+ 18P 200 + 16°
240+ 12° 180 + 6¢ 375+ 22¢
130 + 43¢ 140 + 44 180 + 15°
160 + 13¢ 123 +52 260 + 64
200 + 18P 70+ 102 405 + 29¢
300 + 194 83+32 402 +32¢
250+ 17° 90 + 42 452 +37¢
350 + 19d 380 + 9¢ 180+ 17

Note.The same Latin letters in one column indicate that the values aren't statistically different according to Duncan’s test (n =9, p < 0.05).
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marked with the same Latin letters indicate that the values aren't statistically different according to Duncan’s test (p < 0.05).

However, it is worth noting that LRFBt B-6066 contained
two lipopeptides — surfactin and fengycin. Treatment with
LRFBt B-6066 increased the transcripts level of the Pr3 gene
as LRFBs11VM, increased the mRNA content of the Pr9 gene
as LRFBs26D and, in addition, only LRFBt B-6066 affected
the expression of the Pr6 gene in S. graminum-infested plants
(Fig. 5). Importantly, the expression of some Pr genes induced
by LRFs was activated later than during the treatment with the
corresponding bacterial strains, 6 days after plant colonization
by aphids (Fig. 5, Table 7). Thus, the results of this work show
that lipopeptides have elicitor activity and induce the expres-
sion of defense-related Pr genes in aphid-infested plants.

Discussion

In this research, ten endophyte isolates of the genus Bacillus
from the collection of the Laboratory of Biochemistry of Plant
Immunity of the Institute of Biochemistry and Genetics UFRC
RAS were studied. Although the bacteria have been isolated
from the inner tissues of various plants, many of them have
been tested for their ability to colonize the inner tissues of
other host plants (Veselova et al., 2019, 2022; Sorokan et al.,
2020; Rumyantsev et al., 2023). All studied strains and isolates
were found to have lipopeptide synthetase genes (Fig. 1) and
all strains and isolates showed aphicidal activity (Table 4),
which was due to the synthesis of lipopeptides as the results
showed (Fig. 2).

In this work, using LRF isolated from Bacillus spp. strains,
it was proven that the aphidicidal activity of bacterial strains
against Greenbug aphid was due to lipopeptides — surfactin,
iturin and fengycin (Fig. 2). This coincides with the results of
other authors. Nowadays, the insecticidal activity of surfactin,
plipastatin (fengycin family), bacillopeptin and iturin against
some species of phloem-feeding insects has been shown
(Rashid et al., 2018; Rodriguez et al., 2018; Denoirjean et
al., 2022). Our studies have recently shown that surfactin
and iturin exhibit aphicidal activity against Greenbug aphid
(Rumyantsev et al., 2023). In addition, the results of our recent
work showed that commercial surfactin (Sigma, USA) ex-
hibited the same aphicidal activity as LRF from the B. subtilis
26D strain (Maksimov et al., 2020). In this work, the aphicidal
effect of fengycin was demonstrated for the first time (Fig. 2).

This work also shows that bacterial strains, isolates, and
LRFs of three Bacillus spp. strains had an indirect effect on
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the indices of vitality of aphids and endurance of S. graminum-
populated wheat plants (Tables 5, 6). The weaker effect of
bacteria on the mortality of aphids under the indirect effect
compared to the direct effect was possibly due to the dif-
ferent degree of plant tissue colonization of the strains and
isolates, which we showed in another work using the B. sub-
tilis 11VM strain as an example (Rumyantsev et al., 2023).
Thus, when testing for endophyticity, the B. subtilis 26D strain
showed the greatest ability to reproduce in the plant tissues,
the other strains and isolates studied in this work reproduced
in the tissues of plants by an order of magnitude less, and the
Bacillus sp. Stl7 isolate reduced the number of cells by two
orders of quantity compared to the B. subtilis 26D strain (Ve-
selova et al., 2019, 2022; Sorokan et al., 2020; Rumyantsev
et al., 2023).

LRFs increased plant tolerance, but to a weaker extent than
bacterial strains and isolates (Tables 3, 4). The influence of
bacteria on plant growth may be associated with the synthesis
of hormone-like compounds by bacteria and the effect on the
availability of nutrients for plants (Eid et al., 2021). Also, the
effect on plant growth may be indirect through the synthesis
of metabolites with biocidal activity, which reduce the infec-
tion load on plants, and may trigger systemic resistance in
plants (Eid et al., 2021). Presumably, the effect of LRFs on
plant growth was indirect and was related to the stimulation
of systemic resistance in plants.

Verification of the indirect action of bacterial strains and
isolates and LRFs showed that both bacteria and LRFs are
able to change the redox status of plants inhabited by aphids
(Fig. 3, 4) and cause an oxidative burst, which subsequently
induces the expression of defense-related Pr genes (Rashid et
al., 2018; Tunsagool et al., 2019; Oukala et al., 2021). Thus,
the generation of ROS during attack by phloem-feeding in-
sects is discussed as a resistance response against pests (Koch
et al., 2016; Veselova et al., 2019). The jump in the ROS
generation, including H,O,, can lead both to direct damage
to aphids and their death, and to the circumstantial effect of
H,O, through signaling regulation of resistance and gene
expression (Rashid, Chung, 2017; Rashid et al., 2018). In
addition, bacterial strains and isolates, and LRFs affected the
activity of redox enzymes — POD and CAT in aphid-infested
plants (Fig. 3, 4). Low catalase activity was found in aphid
resistant crop phenotypes (Zhu-Salzman et al., 2004). An
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increase in POD activity under the influence of bacteria led
to an improvement in the strategy of plant resistance against
insects (Rashid et al., 2018; Veselova et al., 2019; Ling et
al., 2022). To date, the role of lipopeptides in the regulation
of ROS generation and the work of redox enzymes has been
studied only during infection of plants with pathogenic fungi
(Farzand et al., 2019; Tunsagool et al., 2019). These works
showed the positive effect of fengycin, surfactin and iturin on
the activity of peroxidases in plants during the attack of fungal
pathogens (Farzand et al., 2019; Tunsagool et al., 2019). This
work demonstrates for the first time the ability of strains and
isolates B. subtilis Tt12, Bacillus sp. Stl7 and B. thuringien-
sis B-6066, which synthesize fengycin, regulate components
of the pro-/antioxidant system of aphid-infested plants.

Bacterial strains and isolates and LRFs induced the ex-
pression of defense-related Pr genes, markers of hormonal
signaling pathways such as JA, SA and ethylene (Table 7,
Fig. 5). All three hormonal signaling pathways are known to
play a role in plant defense against phloem-feeding insects
and other pests (Morkunas et al., 2011; Pangesti et al., 2016).
B. subtilis induced resistance against the whitefly Bemisia
tabaci on tomato plants by activating SA- and JA-responsive
genes. Rhizobacteria Pseudomonas simiae WCS417r induced
Arabidopsis defense reaction against Mamestra brassicae by
activating the synthesis of camalexin and aliphatic glucosino-
lates, which is regulated by the ORAS59-branch of the JA/ethy-
lene signaling pathway (Pangesti et al., 2016). A series of
studies have shown that the ethylene signaling pathway is
required for the polymerization of phloem proteins, which
block phloem pores and therefore prevent aphids feeding (Fu
etal., 2014; Lu et al., 2023).

Unfortunately, there are very few works on the activation of
resistance against insects by lipopeptides. Thus, it was shown
that the bacillopeptin of the B. velezensis YC7010 strain,
which induces the deposition of lignin and callose in plants,
increased the resistance of rice against Nilaparvata lugens
(brown planthopper) (Rashid et al., 2018). Nowadays, the role
of lipopeptides in the activation of plant resistance against
various pathogens through the induction of JA/ethylene-,
ABA-, SA- and auxin-dependent response is well studied
(Tunsagool etal., 2019; Jiang et al., 2021). Our results showed
that lipopeptides surfactin, fengycin and iturin activated the
expression of defense-related Pr genes of the SA-, JA- and
ethylene-regulated markers in wheat against the S. graminum.
Our results suggest a role of fengycin in inducing the expres-
sion of ethylene-dependent genes (Fig. 5), which is consistent
with results obtained during studies of resistance to pathogen
(Waewthongrak et al., 2014). This work demonstrates for the
first time the elicitor role of fengycin in triggering the systemic
resistance of wheat plants against S. graminum.

Conclusion

In the ten studied strains and isolates of endophytes of the
genus Bacillus, lipopeptide synthetase genes were found,
and all bacteria had aphicidal activity. This study shows that
lipopeptides play a role in the defense of plants from phloem-
feeding insects through a direct and an indirect mechanism of
action. We have discovered new promising strains and isolates
of endophytes of the genus Bacillus, which can become the

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

basis for future biocontrol agents against aphids. The search
for new bacteria active against phloem-feeding insects can be
conducted by the presence of lipopeptide synthetase genes in
the bacterial genome.
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Abstract. Elevated leptin in pregnant mice improves metabolism in offspring fed high-calorie diet and its influence
may be sex-specific. Molecular mechanisms mediating leptin programming action are unknown. We aimed to in-
vestigate programming actions of maternal leptin on the signaling function of the placenta and fetal liver and on
adaptation to high-calorie diet in male and female offspring. Female C57BL/6J mice received leptin injections in
mid-pregnancy. Gene expression was assessed in placentas and in the fetal brain and liver at the end of pregnancy.
Metabolic parameters and gene expression in the liver, brown fat and hypothalamus were assessed in adult male
and female offspring that had consumed sweet and fatty diet (SFD: chow, lard, sweet biscuits) for 2 weeks. Females
had lower blood levels of leptin, glucose, triglycerides and cholesterol than males. Consuming SFD, females had
increased Ucp1 expression in brown fat, while males had accumulated fat, decreased blood triglycerides and liver
Fasn expression. Leptin administration to mothers increased Igf1 and Dnmt3b expression in fetal liver, decreased
post-weaning growth rate, and increased hypothalamic Crh expression in response to SFD in both sexes. Only in
male offspring this administration decreased expression of Fasn and Gck in the mature liver, increased fat mass, blood
levels of glucose, triglycerides and cholesterol and Dmnt3a expression in the fetal liver. The results suggest that the
influence of maternal leptin on the expression of genes encoding growth factors and DNA methyltransferases in the
fetal liver may mediate its programming effect on offspring metabolic phenotypes.
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BBeZieHIe JIelITHA 6epeMeHHbIM MbIIIaM
BJIMISIET Ha SKCITPECCHIO I'eHOB V IIJIOZOB U aJallTalliio
K CJIaZIKO¥i U >KUPHOIA ITIIIEe V B3POC/IbIX IIOTOMKOB Pa3HOro I10j1a

E.N. Aenucosa(l®), E.H. Makaposa @

MepepanbHbI CCefoBaTENbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickon akagemun Hayk, HoBocnbupck, Poccus
@ enmakarova@gmail.com

AHHoTaLuA. [OBbIWEHHbIA YPOBEHb NENTUHA B Neprof 6epeMeHHOCTM Y CaMOK MbILWEl OKa3blBaeT bnaronpuaT-
Hoe fencTBre Ha MeTabonnyeckme nokasaTenu 1ux 3penoro NOTOMCTBa Npw NOTPEONEHNN NOC/IEAHNUM BbICOKOKAsO-
PVAHOM NULLX, 1 3TO BNAHNE MOXET 3aBUCETb OT Nnosa. MoneKkynapHble MexaH/3Mbl, ONoCpeayioLe NPorpammm-
pyrollee fecTBUe NENTMHA, HeM3BeCTHbl. Llenbio npenctaBneHHoN paboTbl O6biN0 M3yyeHre NPOrpaMmMUpyoLLero
LEeCTBMA MaTEPUHCKOTO NIeNTVHa Ha CUrHanbHYyo GYHKLMIO NIALEHT 1 NeYeHn NIOAOB, a TakkKe Ha ajantauuio K
BbICOKOKaNIOPUIHON AneTe y NOTOMCTBA B 3aBUCMOCTM OT nona. Camkam mbiwen nuHumn C57BL/6J BBognnn nentunH
B cepeauHe 6epemeHHOCTU. B kKoHLe 6epemMeHHOCTM B MiaLeHTax, Mo3re 1 neyeHu NaofgoB OUeHVBaNu 3Kcnpec-
C1I0 reHOoB. Y B3pOC/I0ro NoToMCTBa 060€ro rnosa oueHrBaav MeTabonmyeckrie nokasaTenm 1 SKCNpeccuio reHoB B
neyeHu, Gypom Kupe 1 runoTanamyce nocse AByXHEAENbHOIO NOTPeONEHNA CTaHLAPTHOW NGO CAAKO-KUPHOM
avetbl (CKI: rpaHynbl CTaHAAPTHOMO KOPMA, Cano, Clajikoe neyeHbe). Y caMok Habntoganca 6onee HU3KMIN YpoBeHb
NenTUHa, MIOKO3bl, TPUMMLEPULOB 1 XONecTeprnHa B KPOBY, YeM y camuoB. [NoTpebnenne CK yBennunBano sKc-
npeccuto reHa Ucp1 B Bypom xrpe y caMok, Toraa Kak y CaMLOB HaKamnansasaca }np, CHAXKanuCb ypoBeHb TPUru-
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Bnuaxwne MaTEPUHCKOro nenTrHa
Ha niofbl 1 B3pocC/ioe NOTOMCTBO

LiepvA0B B KPOBU 1 SKCMPECcUs reHa Fasn B neveHn. BBeaeHne nentrHa matepsm yBeIMUMBaNo SKCNPeccuio reHoB
Igf1 v Dnmt3b B NneyeHn NNOAOB, CHXKANO CKOPOCTb POCTa Nocsie OTbema OT MaTepu 1 NoBbIWwano skcnpeccuto Crh
B runotanamyce B otBeT Ha CK/1 y B3pocsibix NOTOMKOB 0601xX NonoB. TONbKO y CaMLOB BBefleH/e NenTHa MaTepsam
CHVKaNo 3KCNpeccuto reHoB Fasn n Gek B neyeHu, yBenmumBaso X1MpoByio Maccy, yPOBHY FHOKO3bl, TOUMMLEPULOB
1 XOMNecTepriHa B KPOBMU, a TaKXe dKCpeccuio reHa Dmnt3a B neyeHn nnoaos. MonyyeHHble pesynbTaTbl NO3BOAT
NPEeANONOKUTb, UTO BIUAHNE MAaTEPVHCKOTO NIENTHA Ha SKCMPECCUio reHoB, Koaupyowwmx dakTopbl pocta 1 JHK-
MeTUnTpaHchepasbl B MEYEHN NIOAOB, MOXET ONOCPeOoBaTb ero NporpamMmmMmupytoLwmin 3gpdeKT Ha MeTabonnyecknii

¢eHOTVII'I NMOTOMCTBa.

KnioueBble cnoBa: agantayma K BblCOKOKEiJ'IOpVIIhHOVI nuule; NnporpaMmmmnpoBaHne pasBUTUA; NENTUH; MblLlLW; 6epe—

MEHHOCTb.

Introduction

Obesity and related metabolic diseases are one of the major
problems in modern medicine. The potentiating effect of ma-
ternal obesity on the development of obesity in the offspring is
considered as one of the reasons for the widespread prevalence
of obesity (Shrestha et al., 2020; Schoonejans et al., 2021).
In this regard, the study of the possible mechanisms respon-
sible for mediating the effects of early-life environment on
susceptibility to obesity later in life is of particular relevance.

The adipocyte hormone leptin can have a programming
effect on the development of offspring. It was shown in la-
boratory models that elevated blood levels of leptin in pregnant
females, whether caused by genetic disorders or leptin admini-
stration, may have a beneficial effect on glucose metabolism
and obesity in offspring fed a high-calorie diet (Stocker, Caw-
thorne, 2008; Pollock et al., 2015; Talton et al., 2016; Denisova
etal.,2021). It was also shown that the programming effects of
maternal leptin can be different in offspring of different sexes
(Nilsson et al., 2003; Makarova et al., 2013). The study of the
molecular and physiological mechanisms that mediate the
programming effect of leptin may contribute to the elaboration
of methods for correcting individual development to reduce
the risk of metabolic disease.

In most cases, the development of obesity is promoted by
the consumption of high-calorie sweet and fatty food. Adap-
tation to the consumption of this type of food is expressed in
a decrease in the amount of food consumed, storage of excess
energy in adipose tissue, and an increase in energy expenditure
(Duca et al., 2014). These adaptive responses are associated
with changes in the expression of orexigenic and anorexigenic
neuropeptides in the hypothalamus (Cone, 2005), activation
of thermogenesis in brown adipose tissue (Even, 2011), and
changes in the activity of enzymes related to glucose and lipid
metabolism in the liver and other organs (Akieda-Asai et al.,
2013). Ability to adapt to the consumption of high-calorie
foods may affect the rate and degree of obesity development.
However, the effect of maternal leptin on adaptation to sweet
and fatty foods has not yet been investigated.

The programming effect of maternal leptin on the develop-
ment of offspring can be mediated via epigenetic modifica-
tions, including methylation of regulatory regions of genes and
changes in the expression of signaling factors that affect the
growth and maturation of organs and tissues in fetuses (Rey-
nolds et al., 2017). Insulin-like growth factors 1 and 2 (IGF1,
IGF2) play a significant role in the somatic development of
the fetus (Petry et al., 2010; Xiagedeer et al., 2020; Hattori et
al.,2021). These factors are synthesized and secreted into the
blood of the fetus by both placenta and fetal liver (Nawathe
et al., 2016). The effect of maternal leptin on the signal-

ing function of the placenta and fetal liver has not yet been
studied.

The aim of this study is to investigate the effect of increased
leptin levels in pregnant females on the signaling function
of the placenta and fetal liver and on the adaptation to the
consumption of high-calorie sweet and fatty foods in mature
offspring of different sexes in mice.

Materials and methods

Animals and experimental design. The study was conducted
according to the guidelines of the Declaration of Helsinki and
approved by the Independent Ethics Committee of the Institute
of Cytology and Genetics, Siberian Branch, Russian Academy
of Sciences (protocol number 76, 07.04.2021).

Experiments were conducted with C57BL/6J mice housed
at the vivarium of the Institute of Cytology and Genetics, No-
vosibirsk, Russia. The animals were kept at a 12-h daylight
cycle with free access to water and standard chow for the
conventional maintenance and breeding of rodents (BioPro
Company, Novosibirsk, Russia). Mature females were mated
to males of the same strain. Mating was confirmed by the
presence of a copulation plug. The appearance of the plug
signified day 0 of pregnancy. The females were administered
0.2 mg/kg of recombinant murine leptin (Peprotech, United
Kingdom) or the same volume of normal saline on days 11, 12,
and 13 of pregnancy. The injections were done subcutaneously
in the shoulder area. It has been shown that during this period,
sexual differentiation begins in fetuses (Hacker et al., 1995)
and there is a peak in the formation of hypothalamic neurons
that regulate energy intake and expenditure (Ishii, Bouret,
2012). As we showed earlier, the food intake of females re-
duces in response to leptin administration, and the offspring
demonstrate sensitivity to its programming effect during this
period of pregnancy (Denisova et al., 2021).

To study the effect of leptin administration on the fetal
growth and expression of genes in fetuses and placentas,
6 leptin-treated and 6 control females were sacrificed at the
pregnancy day (PD) 18 by displacement of the cervical ver-
tebrae, fetuses and placentas were removed and weighed.
Samples of placentas and fetal liver and brain were placed
in liquid nitrogen. To measure gene expression, two tissue
samples of the placentas and fetuses of each sex were selected
from each litter and combined in equal representation, taking
into account the RNA concentration after RNA isolation.

In another group, the mated females were monitored to
record parturition and the number of pups, and the day of
delivery was designated as postpartum day (PPD) 0. Females
with a litter of less than 6 pups did not participate in the further
experiment. If there were more than 7 pups in the litter, it was
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Table 1. TagMan Gene Expression Assays used for relative quantitative real-time PCR

Protein

Agouti-related neuropeptide
Beta-actin

Carnitine palmitoyltransferase 1a

Carnitine palmitoyltransferase 1b

Corticotropin-releasing hormone

DNA methyltransferase 3 alpha

DNA methyltransferase 3 beta

Fatty acid synthase

Fibroblast growth factor 21

Glucokinase

Glucose-6-phosphatase, catalytic

Insulin receptor

Insulin-like growth factor 1

Insulin-like growth factor 2

Insulin-like growth factor 2 receptor

Klotho beta

Leptin receptor

Peroxisome proliferator-activated receptor alpha
Phosphoenolpyruvate carboxykinase 1, cytosolic
Pro-opiomelanocortin

Peptidylprolyl isomerase A

Pyruvate kinase liver and red blood cell

Solute carrier family 2 (facilitated glucose
transporter), member 4 (GLUT4)

Sodium-coupled neutral amino acid transporter 1
Sodium-coupled neutral amino acid transporter 2
Sodium-coupled neutral amino acid transporter 4

Uncoupling protein 1 (mitochondrial, proton carrier) Thermogenesis

Function Gene Gene expression assay ID
Orexigenic neuropeptide Agrp Mm00475829_g1
Actb MmO00607939_s1
Beta-oxidation of long-chain fatty acids (liver) Cptia MmO01231183_m1
Beta-oxidation of long-chain fatty acids Cpt1b MmO00487191_g1
(muscles, BAT)
Hypothalamic signaling Crh Mm01293920_s1
De-novo DNA methylation Dnmt3a MmO00432881_m1
De-novo DNA methylation Dnmt3b MmO01240113_m1
Fatty acid synthesis Fasn Mm00662319_m1
Influence on carbohydrate and lipid metabolism Fgf21 Mm00840165_g1
Glucose phosphorylation Gek MmO00439129_m1
Glucose-6-phosphate dephosphorylating G6pc Mm00839363_m1
Insulin signaling Insr MmO01211875_m1
Fetal growth and development Igf1 Mm00439560_m1
Fetal growth and development Igf2 MmO00439564_m1
Attenuation of IGF2 signaling Igf2r MmO00439576_m1
Enables FGF21 binding activity KIb MmO00473122_m1
Leptin signaling Lepr MmO00440181_m1
Regulation of lipid metabolism Ppara Mm0040939_m1
Regulation of gluconeogenesis Pck1 MmO01247058_m1
Anorexigenic signaling Pomc MmO00435874_m1
Ppia Mm02342430_g1
Regulation of glycolysis Pkir Mm00443090_m1
Glucose transporter activated by insulin Slc2a4 MmO00436615_m1
Amino acid transport Slc38al Mm00506391_m1
Amino acid transport Slc38a2 Mm00628416_m1
Amino acid transport Slc38a4  Mm00459056_m1
Ucept MmO01244861_m1
Ucp3 MmO01163394_m1

Uncoupling protein 3 (mitochondrial, proton carrier) Mitochondrial anion carrier protein

adjusted to 7 on PPD 0. There were 9 leptin-treated litters
and 8 control litters. The females and pups were weighed on
PPDs 0, 7, 14, 21, and 28. The offspring were weaned from
their mothers at PPD 28.

To assess the effect of maternal leptin on the metabolic pa-
rameters of mature offspring, two males and two females from
each litter were housed individually after weaning. At the age
of 10 weeks, some of the offspring begun to receive a sweet
and fatty diet (SFD): sweet butter cookies and lard were added
to standard chow, and the other part of the animals remained
on standard diet (SD). There were 8 experimental groups with
6—7 animals in each group: males and females consuming
SFD and males and females consuming SD born to control
mothers and males and females consuming SFD and males
and females consuming SD born to leptin-treated mothers. The
weight of standard chow, fat and cookies eaten per week was
measured, and energy intake was calculated (lard — 8 kcal/g,
cookies — 4.58 kcal/g, and standard chow — 3 kcal/g). The
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total amount of energy consumed was calculated and related
to body weight.

After 2 weeks of SFD eating, the animals were decapitated,
the weight of the liver, interscapular brown fat, and subcutane-
ous and intraperitoneal fat were measured. To assess the effect
of leptin on blood biochemical parameters and gene expres-
sion, blood samples were collected, liver, muscle, brown fat
and hypothalamus samples were placed in liquid nitrogen and
then stored at —80 °C.

Plasma assays. Concentrations of leptin and FGF21 were
measured using Mouse Leptin ELISA Kit (EMD Millipore,
St. Charles, MO, USA) and Quantikine® ELISA Mouse/
Rat FGF-21 Immunoassay (R&D Systems, Minneapolis,
USA).

Concentrations of glucose, triglycerides, and cholesterol
were measured colorimetrically using Fluitest GLU, Fluitest
TG, and Fluitest CHOL (Analyticon® Biotechnologies AG Am
Miihlenberg 10, 35,104 Lichtenfels, Germany), respectively.
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Relative quantitative real-time PCR. Gene expression
was measured using relative quantitative real-time PCR. Total
RNA was isolated from tissue samples using the ExtractRNA
kit (Evrogen, Moscow, Russia) according to the manufac-
turer’s instructions. First-strand cDNA was synthesized using
Moloney murine leukemia virus (MMLV) reverse transcrip-
tase (Evrogen, Moscow, Russia) and oligo(dT) as a primer.
TagMan gene expression assays (Thermo Fisher Scientific,
Waltham, MA USA) indicated in Table 1 were used for relative
quantitative real-time PCR with B-actin (4ctb) and cyclophilin
(Ppia) as an endogenous control.

Sequence amplification and fluorescence detection were
performed on a QuantStudio™ system. Relative quantifica-
tion was performed by the comparative threshold cycle (CT)
method.

Statistical analyses. Data were analyzed with the
STATISTICA 10.0 program. Descriptive statistic was used
to determine means and standard error (SE) of the mean.
Data on body weight and food intake were analyzed using
Repeated Measures ANOVA with factors “maternal treatment”
(administration of leptin or saline), “sex”, and “age” (from
4 to 10 weeks) for offspring when kept on a standard diet.
When kept on a sweet and fatty diet, data on energy intake
were analyzed using Repeated Measures ANOVA with factors
“diet” (SD and SFD), “maternal treatment” and “age” (from
10 to 12 weeks) and data on weight gain were analyzed using
two-way ANOVA with factors “diet” and “maternal treatment”
separately for male and female offspring. Morphometric, me-
tabolic and hormonal parameters and gene expression were
analyzed initially by three-way ANOVA with factors “maternal
treatment,” “diet,” and “sex” and then separately by two-way
ANOVA in offspring consuming SD or SFD with factors “sex”
and “maternal treatment,” or in males and females with factors
“maternal treatment” and “diet”. To identify the effect of leptin
administration on the weight of fetuses and placentas and
gene expression in fetuses and placentas, two-way ANOVA

a p <0.001, sex, maternal treatment x age, b
repeated measures ANOVA
24
22+
o 20+
-
=y
S 18
2 Weight gain, %
-c>,‘ 16 F p <0.001, sex, maternal treatment
o 2-way ANOVA
o0 60 -
14 40 I = Males, saline
Males, leptin
12 F 20 ® Females, saline
m Females, leptin
0
10 .

Age, weeks
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was used with factors “sex” and “maternal treatment”. To
assess intergroup differences, post hoc Newman—Keuls test
was used. The comparisons between single parameters were
performed with a two-tailed Student’s #-test. The results on
the graphs are presented as mean+SE. Significance was de-
termined as p < 0.05.

Results

The effect of leptin administration to pregnant mice

on body weight and energy intake in offspring

of different sexes when kept on SD

The administration of leptin to pregnant females had no effect
on body weight (BW) of the offspring at birth and during the
period of maternal care (PPDs 1-28); no sex differences in
BW were observed during this period either.

After weaning, males as compared to females had a higher
growth rate and were significantly heavier (Fig. 1a). The
administration of leptin to mothers affected the dynamics of
weight gain in both males and females; it reduced the growth
rate of the offspring in the first two weeks after weaning
(Fig. 1a). Females consumed more energy per unit of body
weight than males (Fig. 15), leptin administration to mothers
had no effect on offspring energy intake.

The effect of leptin administration to pregnant mice

on energy intake and body weight in offspring

of different sexes when kept on SFD

Energy consumed with SFD changed dramatically in the
course of the experiment: it increased sharply in comparison
with the control in the first week, and returned to normal in
the second week in mice of both sexes (Fig. 2a). The leptin
administration to mothers had no effect on the dynamics of
energy intake with SFD in the offspring. At the same time,
there were sex differences in BW changes resulting from SFD
consumption (p <0.05, “sex” x “diet”, 3-way ANOVA): SFD

38 p <0.001, sex, repeated measures ANOVA

—o— Males, saline
361k —o— Males, leptin
' —v— Females, saline
—v— Females, leptin
D 34}
©
2
g 32}
2
£
3 30t
[
=
w
281
261
5 6 7 8 9 10
Age, weeks

Fig. 1. The effect of leptin administration to female mice at 11-13 days of pregnancy on weight gain during the first two weeks after weaning (a)
and body weight (a) and weekly energy intake related to body weight (b) at the age of 4-10 weeks in offspring of different sexes when consuming a

standard diet.

Data are means + SE from 12-14 animals in every group. Weight gain was calculated as the difference in weight in the first two weeks after weaning divided by

weight at the weaning and expressed as a percentage.
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Influence of maternal leptin
on fetuses and adult offspring

a
p < 0.0001 age, age x diet, p < 0.05 diet, p < 0.0001 age, age x diet,
repeated measures ANOVA repeated measures ANOVA
x 130+
£ 120t —e— Saline, SD
= 110k -® - Saline, SFD
_‘{ —A— Leptin, SD
% 100 -4 - Leptin, SFD
£ 9o}
)
T 80f
c
w70 L L L L L L
0 1 2 weeks 0 1 2 weeks
Males Females
b .
= p <0.01 diet, 2-way ANOVA
2
¢ = Saline, SD
5 m Saline, SFD
< = Leptin, SD
BN m Leptin, SFD
{=
£ -
o
=
o
([
=
Males Females

Fig. 2. Influence of leptin administration to pregnant mice on energy intake (a) and weight gain (b) in male and female offspring

consuming standard or sweet and fatty diet.

Data are means + SE from 6-7 animals in every group. * p < 0.05, SFD vs. SD, post hoc Newman-Keuls test.

did not affect weight gain in females, and increased weight
gain in males, especially in the offspring of leptin-treated
mothers (Fig. 2b).

Influence of leptin administration to pregnant mice

on the metabolic characteristics in offspring

of different sexes when kept on SD or SFD

When offspring consumed SD, sex differences were observed
in many morphometric and biochemical parameters. Two-way
ANOVA with factors “sex” and “maternal treatment” showed
that females compared with males had decreased absolute and
relative weights of brown adipose tissue (BAT) (p <0.001, ab-
solute, p <0.05, relative, “sex”) and intraperitoneal white adi-
pose tissue (WAT) (p <0.01, absolute, p <0.05, relative, “sex”
(Table 2), and lowered levels of glucose (p < 0.05, “sex”), cho-
lesterol (p <0.01, “sex”), triglycerides (p <0.001, “sex”) and
leptin (p <0.05, “sex”) in the blood (Table 3). Leptin adminis-
tration to pregnant mothers was associated with an increase
in blood triglyceride levels (p < 0.05, “maternal treatment”),
and this increase reached statistically significant values in
male offspring (p < 0.05, post hoc Newman—Keuls test).

A two-week intake of SFD reduced the absolute and rela-
tive weight of the liver, increased the absolute and relative
weight of BAT, as well as visceral and subcutaneous WAT, and
increased the blood levels of glucose, cholesterol and leptin
in both males and females (Tables 2, 3). Only the change in
blood triglyceride levels in response to the consumption of
SFD depended on sex: triglyceride levels decreased in males
and did not change in females (Table 3). At the same time,
in females, the mass of visceral WAT and the concentration
of glucose, cholesterol, and leptin in the blood were lower
than in males, regardless of the diet consumed (Tables 2, 3).
Leptin administration to mothers had a sex-specific effect on

the mass of subcutaneous WAT and blood glucose, cholesterol,
and triglyceride levels. When the effect of maternal leptin was
analyzed separately in males and females (two-way ANOVA
with factors “diet” and “maternal treatment”), it was observed
only in males. Regardless of the diet, male offspring of leptin-
treated mothers had more subcutaneous fat mass (p < 0.05,
“maternal treatment”) and elevated blood levels of glucose
(p<0.05, “maternal treatment”), triglycerides (p < 0.05, “ma-
ternal treatment”) and cholesterol (at the trend level, p <0.07,
“maternal treatment”) than males born to control mothers.

Influence of leptin administration to pregnant mice

on gene expression in the liver, BAT and muscles

in male and female offspring consuming SFD or SD

When mice were kept on a standard diet, sex differences were
observed in the expression of some of the studied genes in the
liver and brown fat. In the liver, the mRNA level of glucose-
6-phosphatase (G6pc) in females was lower than in males
(p < 0.05, “sex”, two-way ANOVA, SD, Fig. 3e). In BAT,
the FGF21 mRNA level in females was lower than in males,
and the level of insulin receptor mRNA was higher (p <0.05,
“sex”, for both cases, two-way ANOVA, SD, Fig. 4a, ¢).
Leptin administration to mothers reduced the expression of
Fasn (p<0.05, “maternal treatment”, two-way ANOVA, SD,
Fig. 3¢) and Gck (p < 0.05, “maternal treatment”, two-way
ANOVA, SD, Fig. 3g) in the liver on a standard diet, and this
decrease was more pronounced in males, reaching statistically
significant values in them (Fig. 3¢, g).

In the liver, SFD consumption resulted in activation of
Fgf21 gene expression and inhibition of Pckl gene expres-
sion in both males and females (Fig. 3a, /), and inhibition of
Fasn gene expression only in males (p < 0.01, “diet”, two-
way ANOVA, males, Fig. 3¢). At the same time, in males,

292 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 3



E.W. eHncoBa
E.H. MakapoBa

Bnuaxwne MaTEPUHCKOro nenTrHa
Ha niofbl 1 B3pocC/ioe NOTOMCTBO

Table 2. Influence of leptin administration to pregnant mice on the absolute and relative weight
of the liver, BAT, and visceral and subcutaneous WAT in male and female offspring consuming SD or SFD
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Parameter Males Females p, ANOVA
SD SFD SD SFD
Saline Leptin Saline Leptin Saline Leptin Saline Leptin
Weight, g
Liver 1.21£0.03 1.22+0.07 1.05+0.06 1.06+0.03 1.06£0.04 0.89+0.01 0.92+0.05 0.91+£0.06 <0.01 sex,
<0.01 diet
BAT 0.10£0.01 0.09£0.01 0.14+0.02 0.14+0.02 0.07+0.01 0.06+0.00 0.11+£0.02 0.08+0.01 <0.001 sex,
<0.001 diet
WAT visceral 0.41+0.08 047+0.04 0.86+0.13 1.21+0.22# 0.29+0.10 0.15+0.01 0.61+0.13 0.59+0.14* <0.01 sex,
<0.01 diet
WAT sub- 0.63+0.06 0.89+0.13 1.18+0.12 1.65+0.22 0.58+0.09 0.49+0.03 1.14+£0.17 0.97+0.22 <0.01 sex, diet
cutaneous <0.05 sexxmat. tr.
Index, %
Liver 487+0.08 4.85%+0.22 4.18+0.18 4.01+0.09 5.09+0.13 4.66+0.07 4.45+0.15 4.45+0.17 <0.001 diet
BAT 0.40+0.02 0.36+0.03 0.55+0.06 0.53+0.04 0.32+0.04 0.30+0.02 0.51+0.07 0.41+0.03 <0.001 diet,
<0.05 sex
WAT visceral 1.64+0.31 1.87%0.15 3.37+£039 4.41+£0.67 1.39+046 0.77+0.05 292+0.60 2.75+0.54 <0.01 sex,
<0.01 diet
WAT sub- 251+0.20 3.52+047 4.68+035 6.08+0.62 2.78+0.39 255+0.15 548+0.82 4.58+0.86 <0.001 diet
cutaneous <0.05 sexx mat. tr.

Note. Data are means+SE from 6-7 animals in every group. Data were analyzed using three-way ANOVA with factors “sex’, “diet’, and “maternal treatment”
(mat. tr.). ¥ p < 0.05 females vs. males, # p < 0.05 SFD vs. SD, post hoc Newman—Keuls test.

Table 3. Influence of leptin administration to pregnant mice on hormonal and metabolic characteristics

in male and female offspring consuming SD or FSD

Parameter Males

SD SFD

Saline Leptin Saline Leptin
Glucose, mM 158+1.7 174+£0.5 16.2+09 18906
Cholesterol, mM 1.4+0.1 1.5+0.1 23+0.1 2.7+0.2
Triglycerides, MM 1.5+1.1 1.9+0.1 1.0+0.1 1.2+0.1#
Leptin, ng/ml 28+1.1 3.5+0.6 9.1+£2.4% 13.8+23%
FGF21, ng/ml 50+1.6 49+1.4

Females p, ANOVA
SD SFD
Saline Leptin Saline Leptin
134+0.7 140+05 152+06 152+06% <0.001 sex,
<0.05 diet
1.2+0.1 1.24£0.03 2604 2.0+0.1% <0.001, diet,
<0.05 sexxmat. tr.
09+0.1% 1.1£0.1 1.3+0.3 1.1£0.1  <0.01 sex,
<0.001 sexxdiet
1.6+0.7 13+0.2 49+16  7.1+1.6% <0.01 sex,
<0.001 diet
82+1.6 3716

Note. Data are means + SE from 6-7 animals in every group. Data were analyzed by three-way ANOVA with factors “sex’, “diet” and “maternal treatment” (mat. tr.).
* p < 0.05 females vs. males, # p < 0.05 SFD vs. SD; +p < 0.05 males, leptin vs. saline, post hoc Newman—-Keuls test.

leptin administration to mothers changed the response of the
Fasn gene to SFD consumption: in the offspring of control
mothers, Fasn gene expression significantly decreased, while
in the offspring of leptin-treated mothers, it did not change
(Fig. 3¢). Leptin administration to mothers also had a sex-
specific effect on the expression of the glucokinase gene in
the liver — it decreased in males regardless of the diet and did
not significantly change in females (Fig. 3g).

In BAT, SFD consumption increased Fgf21 and Cptl gene
expression (Fig. 4a, c), decreased Slc2a4 gene expression

(Fig. 4f), had a down-regulating effect on K/b expression
(Fig. 4b) in mice of both sexes, and increased Ucpl gene
expression only in females (Fig. 4d). Leptin administration
to mothers had no effect on the expression of the studied
genes in BAT.

In the muscles, the expression of genes related to insulin
sensitivity (Slc2a4, Insr) and B-oxidation (Cptlb, Ucp3) were
studied. The expression of these genes did not depend on sex
and diet, and leptin administration to mothers had no effect
on the expression of these genes.
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Fig. 3. Influence of leptin administration to pregnant mice on liver gene expression in male and female offspring consuming SFD or SD.
* p < 0.05 SD, males, leptin vs. saline; # p < 0.05 SFD vs. SD, post hoc Newman-Keuls test. Data are means + SE from 6-7 animals in every group.
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Fig. 4. Influence of leptin administration to pregnant mice on gene expression in BAT in male and female offspring consuming SFD or SD.
Data are means + SE from 6-7 animals in every group.
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Fig. 5. Influence of leptin administration to pregnant mice on gene ex-
pression in hypothalamus in male and female offspring consuming SFD
or SD.

Data are means + SE from 6-7 animals in every group.

Influence of leptin administration to pregnant mice

on hypothalamic gene expression

in male and female offspring consuming SFD or SD

When kept on SD, males and females did not differ in the ex-
pression of the studied genes in the hypothalamus. Leptin ad-
ministration to mothers had a down-regulating effect on Pomc
gene expression regardless of animal sex and diet (Fig. 5b),
reduced Agrp gene expression only in males (Fig. 5a) on
both SD and SFD, and altered the response of the Crh gene
to SFD intake. In mice of both sexes born to leptin-treated
mothers, the expression of the Cri gene increased when SFD
was consumed, while in the offspring of control females it did
not change (Fig. 5¢). Expression of Agrp, Pomc, and Lepr did
not change in response to SFD consumption.

The results presented suggest that maternal leptin has a pro-
gramming effect on the metabolic phenotype of the offspring,
including influence on the central mechanisms supporting
energy homeostasis, and gene expression in the liver and
brown fat, and males are more sensitive to the programming
action of maternal leptin.

Influence of leptin administration to pregnant mice

on the weight of placentas and fetuses

in offspring of different sexes

Leptin administration to mothers at mid-pregnancy did not
affect fetus viability: control and leptin-treated mothers did
not differ in litter size (8.7+0.2, n = 6, control mothers, and
9.0+0.2, n = 6, leptin-treated mothers). At the end of the
embryonic period, male and female fetuses did not differ in
weight, and leptin administration to mothers did not have a de-
layed effect on fetal weight (Fig. 6b). Male placentas weighed
more than female placentas (Fig. 6a). Leptin administration to
mothers had no effect on placental or fetal weight.

2024
283

Bnnanue MaTEPUHCKOro nenTrHa
Ha niofbl 1 B3pocC/ioe NOTOMCTBO

a Placentas b Fetuses

p <0.01, sex,
2-way ANOVA

121
1.0
0.8
0.6
0.4}
0.2}

0

= Males, saline
Males, leptin

m Females, saline

m Females, leptin

Fetal weight, g

Placental weight, mg

Fig. 6. The effect of leptin administration to female mice at 11-13 days of
pregnancy on the weight of placentas (a) and fetuses (b) of different sex
at the end of pregnancy (PD 18).

Data are means + SE from 32 male and 20 female offspring of control mothers
and 29 male and 24 female offspring of leptin-treated mothers.

Influence of leptin administration to pregnant mice

on gene expression in placentas, and in the brain and liver
of fetuses of different sexes

In the control, female fetus placentas differed from male fetus
placentas by increased expression of the Igf1 gene (p <0.05,
Student’s #-test). Administration of leptin to pregnant mice
affected the placental expression of this gene differently in
male and female fetuses (p < 0.05, “sex” % “maternal treat-
ment”, two-way ANOVA): it increased Igf] expression in
male placentas and decreased in female placentas (Fig. 7a).
As aresult, the sex differences in Igf7 expression observed in
the control group disappeared when leptin was administered
to mothers.

The expression of the Igf2r gene and, at the level of a trend,
the Slc38a2 (SNAT2) gene (p = 0.054, two-way ANOVA)
in placentas (Fig. 7a) depended on the sex of the fetuses: it
was higher in females than in males, and leptin administra-
tion to pregnant females had no effect on the expression of
these genes.

Sex differences in the expression of the genes studied in
the fetal brain and the effect of leptin administration to preg-
nant females on the expression of these genes were not found
(Fig. 7b).

Sex differences in the expression of the genes studied in
the liver were not found. Leptin administration to pregnant
females had an up-regulating effect on the liver expression
of the Igf1 and Dnmt3b genes in the fetuses of both sexes
and a multidirectional effect (up-regulating in males and
down-regulating in females) on the liver expression of the
Dnmt3a gene (Fig. 7¢). As a result, Dnmt3a gene expression
in male fetuses was higher than in female fetuses after leptin
administration to mothers.

Thus, administration of leptin to females during pregnancy
has a delayed effect on the expression of genes encoding
growth factors and DNA methyltransferases in the fetal liver.

Discussion

In the present work, we assessed the effect of maternal leptin
on adaptation to high-calorie food in adult offspring, as well
as on the signaling function of placentas and fetal liver
depending on offspring sex. Sex has a significant effect on
obesity-induced metabolic alterations (Hwang et al., 2010),
and, in addition, there is sexual dimorphism in the response
of offspring to maternal influences not only in the postnatal
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period of life, but also in fetuses and placentas (Dearden et
al., 2018; Yu et al., 2021). It suggests that the programming
effect of maternal leptin may be sex-specific.

Male and female offspring differed in metabolic characteris-
tics consuming SD and in response to SFD intake. Compared
to males, females had reduced fat mass and reduced blood
glucose, cholesterol, and leptin concentrations regardless
of the diet consumed, which is consistent with the results of
other authors (Freire-Regatillo et al., 2020). SFD consumption
was accompanied by an increase in the intake of energy in
the offspring of both sexes, but the utilization of this excess
energy depended on the sex. In males, when switching to
SFD, the mass of white fat increased, the expression of the
Fasn gene encoding the enzyme for the synthesis of fatty
acids decreased in the liver, and the level of triglycerides in
the blood decreased. These results are consistent with data
obtained in other studies on male mice (Voigt et al., 2013;
Casimiro et al., 2021; Kakall et al., 2021) and suggest that
in males, excessive consumption of fat at the initial stages of
fatty food eating inhibits lipogenesis in the liver and enhances
lipid uptake by tissues and lipid storage in adipose tissue. In
females, the mass of adipose tissue, liver expression of Fasn,
and blood triglyceride level did not change in response to SFD
but the expression of the Ucp! gene in BAT increased, which
indicates an increase in thermogenesis and energy dissipation
in the form of heat. Thus, males and females demonstrate dif-
ferent adaptive strategies in relation to excess energy intake
with SFD.

In other respects, the hormonal and metabolic changes in-
duced by the intake of SFD were similar in males and females
and were aimed at reducing food intake, lowering blood glu-
cose levels, and activating fat utilization. In offspring of both
sexes, energy intake declined to normal levels in the second
week of SFD intake, which may be due to an increase in leptin
levels, because leptin reduces food intake (Morton, 2007). In
both males and females, the mass of BAT increased and BAT
expression of the Cpt1 gene increased and that of the Sic2a4
gene (GLUT4) decreased, which points to intensification of
lipid utilization. In addition, liver mass decreased and liver
Pckl gene expression decreased, which indicates the suppres-
sion of gluconeogenesis. The expression of the Fgf2/ gene
increased in the liver and brown fat. This hormone increases
insulin sensitivity, activates fat oxidation, and influences food
choice, increasing the propensity to consume a balanced diet
(Flippo, Potthoff, 2021). These results are consistent with data
obtained by other authors. It has been shown in mice and rats
that the initial stages of adaptation to the consumption of a
high-calorie diet are characterized by an increase in energy
expenditure, an increase in the level of leptin in the blood, an
increase in the mass of brown fat, UCP1 protein expression
and fatty acid oxidation in brown fat, an increase in fat utiliza-
tion, a decrease in liver weight, a decrease in the expression
of the Sic2a4 gene (GLUT 4) in adipocytes (So et al., 2011;
Andrich et al., 2018; Kakall et al., 2021).

Leptin administration to pregnant females had a delayed
effect on both the metabolic phenotype of the offspring in the
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postnatal period, and on fetuses and placentas. Leptin admi-
nistration to mothers reduced offspring growth rate in the first
weeks after weaning. These results are consistent with the re-
sults obtained previously, demonstrating that hyperleptinemia
during pregnancy reduces the weight of the offspring during
their growth after weaning (Makarova et al., 2013; Pollock et
al., 2015). In this work, we have shown for the first time that
leptin administration to pregnant females has an up-regulating
effect on the level of IGFI mRNA in the liver of fetuses at
the end of pregnancy. IGF1 has multisystem effects on fetal
development (Hellstrom et al., 2016), and it is possible that the
programming effect of maternal leptin on postnatal metabolic
traits and offspring growth is partly mediated by its influence
on Igf] expression in fetuses.

The programming effect of maternal leptin was more pro-
nounced in male offspring: only in males, administration of
leptin to mothers increased fat mass, plasma concentrations
of glucose, cholesterol, and triglycerides and decreased the
expression of the Agrp gene in the hypothalamus and the
genes for glucokinase and fatty acid synthase in the liver. Sex
differences in the response to elevated maternal leptin were
also observed at the prenatal stage of development: only in
male fetuses, administration of leptin to mothers increased the
expression of the Dnmt3a gene in the liver. DNMT3a mediates
de novo methylation (Jurkowska et al., 2011) and maternal
influence on fetal liver expression of this enzyme may have
delayed effects on mature liver gene expression. In turn,
changes in the expression of genes encoding enzymes in the
liver can affect the metabolic parameters of the blood. Thus, a
decrease in the expression of the glucokinase gene may be the
cause of an increased blood level of glucose in males born to
leptin-treated mothers, since glucokinase is a major contributor
to glucose homeostasis (Massa et al., 2011), and a decrease in
the expression of the Gck gene is accompanied by an increase
in the level of glucose in the blood (Magnuson et al., 2003).

Despite the pronounced sex differences in metabolic cha-
racteristics and the sex-specific effect of maternal leptin on
the metabolic phenotype of the offspring, the programming
effect of maternal leptin on adaptation to SFD consumption
did not depend on the offspring sex. Leptin administration to
mothers did not pronouncedly affect the metabolic response
and transcriptional changes in the liver and brown fat caused
by SFD consumption, but affected the central mechanisms
regulating energy intake and expenditure. In both sexes, ad-
ministration of leptin to mothers doubled the expression of
the Crh gene in the hypothalamus when SFD was consumed.
Hypothalamic corticotrophin-releasing hormone (CRH) co-
ordinates energy intake and expenditure with metabolic and
behavioral response to stress (Richard et al., 2000). CRH in the
hypothalamus has an anorexigenic effect and increases energy
expenditure (Radahmadi et al., 2021). Decreased sensitivity of
CRH neurons increases susceptibility to obesity in mice (Zhu
et al., 2020). Since the increase in Crh gene expression was
not accompanied by changes in food intake and body weight,
it can be assumed that maternal leptin affected the response
of hypothalamic—pituitary—adrenal axis to metabolic stress
caused by SFD consumption. The nature of these influences
requires additional research.

In addition, leptin administration to mothers affected the
hypothalamic expression of orexigenic (4grp) neuropeptide
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in males and anorexigenic (Pomc) neuropeptide in males
and females. It is assumed that prenatal programming of the
metabolic phenotype is mediated via epigenetic modifica-
tions of the central systems that regulate energy intake and
expenditure (Dearden, Ozanne, 2015). Thus, it has been shown
in laboratory models and humans that the metabolic state of
mothers during pregnancy (malnutrition, overeating) affects
methylation of the gene encoding proopiomelanocortin and,
accordingly, its expression in the hypothalamus in the off-
spring (Candler et al., 2019). In rats, maternal consumption
of high-calorie diet significantly increased basal CRH mRNA
expression in the paraventricular nucleus of hypothalamus
(Niu et al., 2019). Our results indicate that leptin may be the
factor mediating maternal influences on the central regulation
of energy homeostasis.

Although we found no sex-dependent programming effects
of maternal leptin on adaptation to SFD eating, its sex-specific
influence on liver gene expression and metabolic characteris-
tics may promote formation of sex differences in the develop-
ment of diet-induced obesity in offspring.

Conclusion

Males differ from females in metabolic features associated
with glucose and lipid metabolism, as well as adaptation to ex-
cess energy intake with a high-calorie diet. Leptin administra-
tion to pregnant female mice sex-specifically affects liver gene
expression and metabolic characteristics in adult offspring.
This sex-specific programming effect may be associated with
sex-specific influence of maternal leptin on expression of the
Dnmt3a gene in fetal liver. Regardless of sex, maternal leptin
had a programming effect on the activity of the hypothalamic
CRH system during adaptation to SFD consumption.
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Abstract. The diversity of pathogenetic mechanisms underlying arterial hypertension leads to the necessity to devise a
personalized approach to the diagnosis and treatment of the disease. Metabolomics is one of the promising methods
for personalized medicine, as it provides a comprehensive understanding of the physiological processes occurring in
the body. The metabolome is a set of low-molecular substances available for detection in a sample and representing
intermediate and final products of cell metabolism. Changes in the content and ratio of metabolites in the sample mark
the corresponding pathogenetic mechanisms by highlighting them, which is especially important for such a multifac-
torial disease as arterial hypertension. To identify metabolomic markers for hypertensive conditions of different origins,
three forms of arterial hypertension (AH) were studied: rats with hereditary AH (ISIAH rat strain); rats with AH induced
by L-NAME administration (a model of endothelial dysfunction with impaired NO production); rats with AH caused
by the administration of deoxycorticosterone in combination with salt loading (hormone-dependent form - DOCA-
salt AH). WAG rats were used as normotensive controls. 24-hour urine samples were collected from all animals and ana-
lyzed by quantitative NMR spectroscopy for metabolic profiling. Then, potential metabolomic markers for the studied
forms of hypertensive conditions were identified using multivariate statistics. Analysis of the data obtained showed
that hereditary stress-induced arterial hypertension in ISIAH rats was characterized by a decrease in the following urine
metabolites: nicotinamide and 1-methylnicotinamide (markers of inflammatory processes), N-acetylglutamate (nitric
oxide cycle), isobutyrate and methyl acetoacetate (gut microbiota). Pharmacologically induced forms of hypertension
(the L-NAME and DOCA+NaCl groups) do not share metabolomic markers with hereditary AH. They are differentiated
by N,N-dimethylglycine (both groups), choline (the L-NAME group) and 1-methylnicotinamide (the group of rats with
DOCA-salt hypertension).
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AHHoTauuA. MHOroobpasue naToreHeTUYECKX MEXaHU3MOB, NIeXaLUVX B OCHOBE apTepUanbHON rMnepToHMK, MPUBO-
LT K HEOOXOAMMOCTY pa3paboTKM NEPCOHANM3NPOBAHHOIO NOAXOAA K AUArHOCTUKE 1 Tepanum 3abonesaHuns. OgHUM
13 NepCrneKTUBHbIX METOAOB AJIA NePCOHAN3NPOBAaHHOW MeNLHbI SIBNSETCA MeTabooMIKa, KOTopas NO3BOSIAET Mo-
Ny4nTb KOMMJIEKCHOE NpeacTaBrieHme o Gr13nMonormyecknx npoLeccax, NpPocxoaaALmx B opraHusme. Metabonom — 31o
COBOKYMHOCTb HU3KOMOMNEKYSAPHbIX BELLECTB, ornpeeniaemblx B o6pasLie 1 ABAALWNXCA MPOMEXYTOUHBIMU 1 KOHeY-
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HbIMU MPOAYKTaMU MeTabonm3ma KNeTok. ViameHeHnsA B cofep>KaHuM 1 COOTHOLLEHNU MeTabonnToB B UCCIIeAyeMOM
06pasLie MapKMpPYIOT COOTBETCTBYIOLLME NAaTOFEHETUYECKME MEXaHN3MbI, BbIAENSAS KX, YTO OCOOEHHO BaXKHO AJ1A TaKoro
MynbTUdAKTOPHOro 3aboneBaHus, Kak apTepuanbHas runepToHus. Ana ngeHtndmkaumm MeTabonoMHbIX MapKepos M-
NepTeH3UBHbIX COCTOAHUI Pa3HOro reHesa Obiny nccnefoBaHbl TPU pasHble GOpMbl apTepuranbHON runeptToHun (Al):
Kpbicbl ¢ HacneacTseHHoM Al (nnHuA Kpbic HUCAT/ISIAH); kpbicbl ¢ AT, nHgyumposaHHo BeeaeHnem L-NAME (mopenb
sHpJoTenvanbHom ancoyHKUMM ¢ HapylweHnem npoaykummn NO); Kpbicbl ¢ Al, BbI3BaHHOI BBEAEHNEM [e30KCUKOPTMKO-
CTepoHa B COYETaHUN C CONEBOW Harpyskowm (ropmoH-3aBncrmasn ¢opma — DOCA-coneBas Arl). B kauecTBe HOpMOTEH-
3MIBHOIO KOHTPONA ObINM MCMOMb30BaHbl Kpbichl MHUM WAG. Y Bcex )KMBOTHbBIX CO6panv 06pasLibl CyTOUHON Mouu, MeTa-
6010MHBI NPOdUIIb KOTOPOI MPOAHANN3MPOBANIN METOLOM KONMYeCTBeHHOMN AIMP-CcneKTpocKonmu. 3atem € NOMOLLbIO
METOLOB MHOFOMEPHOW CTaTUCTVKM BbIABUAW NOTEHUMasNbHbIe METAaBONOMHbIE MapKepbl ncceayembix Gopm runep-
TEH3UBHbIX COCTOAHMIN. AHaNN3 NOJSTyYEHHbIX AaHHbIX MOKa3an, YTo ANA HacNe[CTBEHHON CTPeCcC-MHAYLMPOBaHHON ap-
TepuanbHol runepToHnn y Kpblc nuHnM HUCAT XapakTepHO CHUXeHWe CopepKaHna cnefyowmx metabonmTos B Moye:
HUKOTMHaMMAA 1 1-MeTUTHMKOTMHaMmAA (MapKepbl BOCManuTenbHbIxX npoueccos), N-auetunrnytamarta (LMK okcraa
a3oTa), n30byTMpaTa U MeTunaueToaleTata (MUKpobroTa KuweyHrKa). DapmMakonornyeckm MHGyLnpoBaHHble $op-
mbl AT (rpynnbl L-NAME 1 DOCA+NaCl) He umetoT o6Lwmx ¢ HacnefcTseHHo Al MeTaboTIOMHbIX MapKepoB. Vx otnnyatot
oaviH obwwint mapkep, N,N-gumeTunrinuuH, n aea cneyndryeckmx — xonuH (ana rpynnsl L-NAME) 1 1-MeTUNHUKOTWH-
amug (ana rpynnbl Kpbic ¢ DOCA-coneBor apTepuanbHON runepToHnen).

KnioueBble cnoBa: apTepuanbHasa runeptoHus; Kpbicbl HACAT (ISIAH); L-NAME; DOCA-coneBas runepToHus; meTabo-

JIOMHbI€ MapKepbl MOYN.

Introduction

Arterial hypertension (AH) is a complex multifactorial disease,
simultaneously affecting various systems of the body. Pathoge-
netic diversity of AH and interaction between different under-
lying mechanisms determine the necessity to consider a lot of
factors when developing methods of prevention and treatment.
At the moment, multi-stage protocols for the treatment of
hypertension have been devised and applied, taking into ac-
count lifestyle, stage of the disease, concomitant pathologies,
etc. (Carey et al., 2022). However, the tasks of personalized
medicine are still relevant, including use of integrated ap-
proaches in diagnostics for identifying the distinctive “set” of
mechanisms involved in the development of hypertension for
a particular patient, and, accordingly, prescribing individual
treatment. The so-called “omics” technologies are well suited
for this purpose, as they provide a kind of “snapshot” of the
organism and its systems for further analysis (at the level of
genome, transcriptome, proteome, metabolome, etc.).

To study the metabolic pathways involved in the pathoge-
nesis of various hypertensive conditions, we used three ex-
perimental models of hypertension. The first model was the
ISIAH rat strain (Inherited Stress-Induced Arterial Hyper-
tension), obtained from an outbred population of Wistar rats
through long-term selection for increased blood pressure (BP)
under psycho-emotional stress (Markel, 1992). This model
reproduces primary (essential) human hypertension quite ac-
curately. The second model — AH caused by dysfunction of
the vascular endothelium — was induced pharmacologically by
the administration of L-NAME (an inhibitor of NO synthesis)
(Biancardi et al., 2007). Endothelial dysfunction associated
with impaired nitric oxide synthesis is also one of the common
mechanisms of BP rising. The third model of AH was also
induced pharmacologically by the administration of a synthe-
tic mineralocorticoid — DOCA (deoxycorticosterone acetate)
along with additional salt loading (Basting, Lazartigues,
2017). The combination of elevated mineralocorticoid levels
and salt loading is another possible cause of hypertension in
humans (Gupta, 2011).

When developing methods to identify biochemical markers
for different forms of hypertension, attention should be paid

to the availability and non-invasiveness of the proposed tech-
nologies. One of the most accessible methods is the analysis
of urine samples. Metabolomic studies of urine are currently
of interest to researchers, and methods for analyzing and
interpreting such data are actively discussed (Zhang et al.,
2012; Bouatra et al., 2013).

The purpose of our study is to evaluate the metabolomic
profile of 24-hour urine in rats representing three different
forms of hypertensive conditions, in comparison with normo-
tensive controls.

Materials and methods

Experimental animals. We studied 3—4-month-old male rats
of the ISIAH strain with a hereditary form of hypertension,
together with two groups of rats with pharmacologically
induced forms of AH: a group of rats treated with a NO syn-
thesis blocker — L-NAME, and a group of rats with hormone-
dependent DOCA+NaCl hypertension. WAG rats were used
as a normotensive control.

To model NO-deficient hypertension with endothelial dys-
function, WAG rats were orally administered with a solution
of endothelial NO synthase inhibitor (L-NAME, N, -nitro-
l-arginine methyl ester; Sigma Aldrich, USA) at a dose of
30 mg/kg of body weight for two weeks (Fiirstenau et al.,
2008). To obtain hormone-dependent DOCA-salt hyperten-
sion, WAG rats were subcutaneously injected with DOCA
(deoxycorticosterone acetate; Sigma Aldrich, USA) at a dose
of 25 mg/kg of body weight once every 4 days with a constant
salt loading — 1 % NacCl solution in drinking water — for three
weeks (Chan et al., 2006). As a result, four experimental
groups of animals were formed, three with hypertension and
one normotensive, 10 males in each.

All animals were kept under standard conditions at the vi-
varium of the Institute of Cytology and Genetics SB RAS (air
temperature 22-24 °C, light:dark cycle 12:12 hours), receiving
standard chow (Chara, Russia) and free access to drinking
water. All procedures with experimental animals complied
with the ethical standards approved by the legal acts of the
Russian Federation, the principles of the Basel Declaration and
the recommendations of the Inter-Institutional Commission
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on Biological Ethics at the Institute of Cytology and Genetics
SB RAS (protocol No. 127 of 09/08/2022).

Blood pressure (BP) monitoring was performed twice a
week throughout the experiment on a device for non-invasive
BP measurement (BIOPAC, USA) using the tail-cuff method
with preliminary adaptation of the animals to this procedure
for 3—4 days. Also, simultaneously with BP measurements,
the rats were weighed regularly.

Collection of 24-hour urine samples. Animals were placed
in individual rodent metabolic cages (Techniplast, Italy),
where they adapted to new conditions for 3 days. Over the
next 3 days, each day at the same time, urine samples were
collected and the volume of water drunk was recorded. The
collected urine was stored at —70 °C. Further analysis of the
samples obtained was carried out at the Center for Shared
Use “Mass Spectrometric Research” of the International To-
mography Center SB RAS, in the Laboratory of Proteomics
and Metabolomics.

Extraction of metabolites from urine samples. To obtain
a non-protein extract of rat urine metabolites, the following
sample preparation protocol was used: the optimal ratio of
urine volumes to extracting solution was urine/methanol
ratio = 1/4. 400 pl of cold methanol (20 °C) was added to
100 pl of urine. The samples were mixed in a vortex centri-
fuge and placed on a shaker for 15 minutes at 1,300 rpm, then
centrifuged at 12,000 rpm at 4 °C for 30 minutes, followed by
the collection of supernatant. The supernatant was dried on a
vacuum evaporator and stored at —70 °C. Lyophilized extracts
were diluted in 600 pl of deuterated phosphate buffer (50 mM,
pH 7.4) supplemented with internal standard DSS (sodium
3-(trimethylsilyl)propane-1-sulfonate, 20 uM).

NMR spectra were recorded on an AVANCE III HD
700 MHz NMR spectrometer (Bruker BioSpin, Germany),
equipped with an Ascend cryomagnet with a field of 16.44 Tes-
la and a TXI 1H-13C/15N/D ZGR 5 mm probe. Detection
parameters corresponded to those described previously (Ze-
lentsova et al., 2020). MestReNova v 12.0 program was used to
process the spectra and integrate the signals. Metabolites were
identified using the Human Metabolome Database (https://
hmdb.ca/) and our own data on the metabolic profiling of hu-
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man and animal biological fluids (Tsentalovich et al., 2020;
Fomenko et al., 2022).

Statistical data processing was performed using Statis-
tica 12 software package (StatSoft, Inc., 2014) and Metabo
Analyst 5.0 web platform (https://www.metaboanalyst.ca/);
multivariate analysis (principal component method) and non-
parametric methods (Mann—Whitney U test with Bonferroni
correction for multiple comparisons) were applied.

Results

A comparative analysis of physiological parameters of the
studied animals showed that experimental groups of rats
did not have significant differences in body weight: WAG —
326.1+12.87 g (BP — 135.9+1.21 mmHg), ISIAH -
325.9+6.44 g (BP — 205.9+2.12 mmHg), L-NAME -
326.9+4.71 g (BP — 192.0£2.96 mmHg), DOCA —
328.2+6.18 g (BP — 184.2+1.19 mmHg). However, daily
water intake, daily diuresis and glomerular filtration rate were
significantly increased in rats of the DOCA group compared
to the control (Fig. 1). Increased diuresis and water intake
were also observed in ISTAH rats. Based on these intergroup
differences, for metabolomic analysis of daily urine, the con-
centrations of metabolites obtained by NMR spectroscopy
(nmol/ml) were recalculated into daily urine excretion of
metabolites (nmol/day), considering the diuresis level in each
rat on the day of sample collection.

Multivariate analysis of metabolomic data using the princi-
pal component method revealed three main axes (PC1, PC2,
PC3), respectively responsible for 45.2, 16.5 and 10.0 % of
the total variation in the content of the studied metabolites
in 24-hour urine samples. The distribution of experimental
groups in the coordinates of the principal components is shown
in Fig. 2. A distinct separation of the experimental groups
along the axis of the first principal component (responsible
for 45.2 % of the variation in the studied parameters) is ob-
served: normotensive WAG rats and ISIAH rats with heredi-
tary hypertension are virtually combined into one group. Rats
with pharmacological forms of hypertension — L-NAME and
DOCA — form another separate group together. From this we
may conclude that “natural” genetic hypertension is in sharp
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Fig. 1. Intergroup differences in daily water intake, daily diuresis and glomerular filtration rate (GFR) in ISIAH, L-NAME, DOCA rats relative to control

WAG rats.
Mann-Whitney test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 2. Distribution of groups of normotensive (WAG) and hypertensive (ISIAH, L-NAME, DOCA) rats in the coordinates of the

principal component axes (PC1, PC2, PC3).

contrast to the two pharmacologically induced forms of AH,
so urine metabolomic markers correspond not so much to
elevated BP levels as to the pathogenesis of different forms
of AH.

A relatively small percentage of variability (16.5 %) in
metabolomic parameters is described by the second principal
component. The projection of the experimental groups onto
the second component does not make it possible to separate
the compared groups in accordance to any set of metabolo-
mic markers. At the same time, the residual variability of
parameters (10 %) for the third principal component, when
considered, showed the possibility of a distinct separation
of normotensive rats (WAG) and rats with hereditary arte-
rial hypertension (ISIAH). Thus, metabolomic markers that
correlate with the third principal component can serve as
diagnostic indicators of hereditary stress-dependent forms
of hypertension.

Fig. 3 shows the loadings of metabolites along the axes of
the first and third principal components. For the first principal
component, most of the parameters correlate with the com-
bined group — normotensive WAG rats + hypertensive ISTAH
rats, — while choline, N,N-dimethylglycine, N6-acetyllysine,
I-methylnicotinamide and formate correlate with pharmaco-
logically induced forms of AH. Thus, the metabolic profile
of hereditary AH (at least in the early stages of its develop-
ment) is closer to normal than to those of pharmacologically
induced models of AH. Markers that distinguish ISIAH rats
from normotensive controls (WAG rats) may be divided
into those that correlate positively and those that correlate
negatively with the hereditary form of hypertension, based on
their loadings along the axis of the third principal component.
Positively correlated compounds include acetate, cytosine,
glycine, lactate; negatively correlated are cytidine, isobutyrate,
I-methylnicotinamide, 2'-deoxyuridine, uracil, nicotinamide,
citrate, methyl acetoacetate, N-acetylglutamate.

In addition to assessing the metabolite loadings along the
axes of the principal components, an analysis of intergroup

differences in the content of metabolites in the daily urine of
the studied animals was also performed (see the Table). Thus,
a list of 12 urine metabolites was formed, the levels of which
differed from the controls in animals with various forms of AH,
also contributing the most to the separation of experimental
groups in the coordinates of the principal component axes.

To identify possible associations between metabolites that
made the greatest contribution to the observed intergroup dif-
ferences, Pearson’s correlation analysis with partial clustering
was performed (Fig. 4). The highest correlation coefficients
(r>0.7) were observed between choline, N,N-dimethylglycine
and N6-acetyllysine (the correlation was positive); these three
metabolites also correlated negatively with methyl acetoace-
tate (r < —0.5). Citrate and 1-methylnicotinamide positively
correlated with each other, as well as with N,N-dimethyl-
glycine, N6-acetyllysine and cytidine (> 0.5). Nicotinamide,
2'-deoxyuridine, isobutyrate, N-acetylglutamate and uracil
were also positively correlated with each other (»>0.5). Also,
2'-deoxyuridine positively correlated with cytidine with a
correlation coefficient of » = 0.64.

Thus, certain associations between urine metabolites were
found, which may provide markers for three hypertensive
conditions that are different in their genesis.

Discussion

Choline and homocysteine metabolism

Choline participates in lipid metabolism, in the formation of
cell membranes, and in the synthesis of the neurotransmitter
acetylcholine (Zeisel, 2000). Choline oxidase and betaine
aldehyde dehydrogenase oxidize choline to betaine. Betaine,
in its turn, is a methyl group donor for betaine homocysteine
methyltransferase that is involved in the remethylation of
homocysteine to methionine resulting in the production of
N,N-dimethylglycine (an alternative pathway for homocys-
teine utilization in the folate cycle). Normally, homocysteine
should not accumulate in the body; its blood level elevation
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Fig. 3. PCA loadings of urine metabolite levels (PC1, PC3).

Significant differences in the content of individual metabolites
in the urine of hypertensive rats of three groups (ISIAH, L-NAME, DOCA) from the controls

Metabolites Hypertensive rat groups Metabolites Hypertensive rat groups
ISIAH L-NAME DOCA ISIAH L-NAME DOCA

Choline e 2'-Deoxyuridine **

N,N-dimethylglycine * * Uracil _

N6-acetyllysine Hx * Nicotinamide **

1-Methylnicotinamide Hx Citrate _

Cytidine Methyl acetoacetate **

Isobutyrate N-acetylglutamate **

Note. Color indicates an increase (orange) or a decrease (blue) in metabolite levels when compared to control WAG rats. Mann-Whitney test, * p < 0.05,
**p <0.01,**p <0.001.
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Fig. 4. Pearson’s correlation coefficients between the studied parameters (urinary metabolite levels).

increases the risk of neurodegenerative and cardiovascular
diseases (Wald et al., 2002). An increase in the homocysteine
blood concentration causes damage of endothelium, activa-
tion of platelet aggregation, and formation of atherosclerotic
plaques (Paré et al., 2009; Ganguly, Alam, 2015). Elevated
blood levels of N,N-dimethylglycine correlate with increased
homocysteine in patients with chronic renal failure (McGre-
gor et al., 2001). Since L-NAME administration inhibits
nitric oxide synthesis and leads to endothelial dysfunction,
observed simultaneous increase in the levels of choline and
N,N-dimethylglycine in the urine of rats in this group is of
interest for further research. In the literature, there is evidence
of opposite effects of exogenous homocysteine and L-NAME
administration — homocysteine increased the expression of
NO synthase, which was inhibited by L-NAME (Celotto et
al.,2010). At the same time, administration of L-NAME nor-
malized the levels of homocysteine and its metabolites in the
blood plasma of rats with cholestasis induced by bile duct
ligation (Ebrahimkhani et al., 2005).

No6-acetyllysine is increased in urine of L-NAME and
DOCA rats. At this moment, the biological role of this
compound has not been determined; however, there is some
evidence of its association with the complications of type 1
and type 2 diabetes (Niewczas et al., 2017; Xu et al., 2023).
Nevertheless, the lack of description of any pathogenetic me-
chanisms do not allow us to consider N6-acetyllysine as a
potential biomarker of hypertension. High correlation coef-
ficients were observed between N6-acetyllysine, choline and
N,N-dimethylglycine. Association of choline and N,N-di-
methylglycine with homocysteine and regulation of NO syn-
thase was described above — perhaps the role of these com-
pounds in the development of hypertension caused by endo-
thelial dysfunction will be clarified in the future.

Nicotinamide metabolism

Nicotinamide is converted to 1-methylnicotinamide by the
liver enzyme nicotinamide-N-methyltransferase. Nicotin-
amide-N-methyltransferase also promotes remethylation of
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homocysteine to S-adenosylmethionine (another pathway
for homocysteine utilization) (Hong et al., 2018), positively
correlates with obesity and insulin resistance (Kannt et al.,
2015), and presumably regulates the expression of fructose-
1,6-bisphosphatase involved in the process of gluconeogene-
sis (Visinoni et al., 2008). Nicotinamide has been shown to
prevent cytochrome C release and caspase induction, thereby
maintaining mitochondrial membrane potential and exerting
a cytoprotective effect on the endothelium of small cerebral
vessels (Chong et al., 2002).

There is also evidence that nicotinamide may exhibit
anti-inflammatory activity by inhibiting the expression of
thromboplastin and CD11b antigen (Ungerstedt et al., 2003).
Intravenous administration of 1-methylnicotinamide had an
antithrombotic effect by activating the prostacyclin and cy-
clooxygenase pathways for the inflammation development
(Chlopicki et al., 2007). Urine levels of nicotinamide and
I-methylnicotinamide were reduced in ISIAH rats, while in
the DOCA-salt group, 1-methylnicotinamide was increased,
which may indicate the role of inflammation in both hereditary
AH and pharmacologically induced AH pathogenesis.

Pyrimidine metabolism

Serious disorders of pyrimidine metabolism, as a rule, are as-
sociated with dysfunction of enzymes, most often of dihydro-
pyrimidine dehydrogenase or dihydropyrimidinase; they occur
in early childhood, being systemic in nature and manifesting
themselves in mental retardation and seizures (Nyhan, 2005).
ISTIAH rats do not have such symptoms, although there is a
decrease in the levels of cytidine, 2'-deoxyuridine and uracil
in their urine compared to normotensive controls. Interpre-
tation of these data is difficult due to only a small number
of individual studies: for example, in patients with chronic
renal failure, reduced levels of 1-methyladenosine, 1-methyl-
guanosine, N2,N2-dimethylguanosine and N4-acetylcyti-
dine renal excretion were found (Niwa et al., 1998). There is
also evidence that cyticoline (cytidine-5'-diphosphocholine)
synthesized from cytidine and choline may have choline-like
effects on membrane metabolism and cholinergic signaling
(Yilmaz et al., 2008). However, these results are not sufficient
to propose the products of pyrimidine metabolism in urine as
markers of a hypertensive state.

Urea and nitric oxide cycle

N-acetylglutamate is an important participant in the urea
cycle; it is synthesized in mitochondria from acetyl CoA and
glutamate by the enzyme N-acetylglutamate synthase. A de-
ficiency of N-acetylglutamate synthase or N-acetylglutamate
itself causes disturbances in the urea cycle and accumulation
of free ammonium ions in the blood — hyperammonemia
(Tuchman et al., 2008). Increased serum ornithine concentra-
tions have previously been observed in ISIAH rats (Serya-
pina et al., 2023), which, combined with decreased urinary
N-acetylglutamate, suggests that disturbances in nitric oxide
synthesis play a significant role in the hypertensive status of
ISTAH rats.

Tricarboxylic acid cycle
Citrate is involved in the tricarboxylic acid (TCA) cycle,
and a decrease in its urine concentration correlated with the
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development of hypertension in a study involving volunteers
(Chachaj et al., 2020); however, in addition to citrate, the le-
vels of other metabolites participating in the Krebs cycle were
also changed: fumarate and trans-aconitate were decreased,
methyl malonate was increased. In this study, in ISTAH rats,
only citrate urinary level was reduced, so it seems incorrect to
claim a serious disturbance of the TCA cycle. Citrate is also
known to prevent the crystallization of calcium salts and the
formation of kidney stones, therefore, low urine citrate may
be linked to the disturbance in the renal mechanism of calcium
excretion; besides, there are studies showing association of
low citrate excretion with an increased insulin resistance
(Cupisti et al., 2007). However, it is difficult to determine
the mechanism of citrate decrease in this study, so it seems
inappropriate to propose it as a marker of hereditary stress-
related hypertension.

Short-chain fatty acids metabolism

Isobutyrate and methyl acetoacetate are derivatives of the
so-called short-chain fatty acids (SCFAs), which are mainly
produced by the gut microbiota. A decrease in their produc-
tion causes intestinal inflammation and dysfunction, and
kidney failure, which in turn contributes to increased blood
pressure (Kim et al., 2018; Felizardo et al., 2019). It has
been shown that short-chain fatty acids can bind to various
G protein-coupled receptors. These receptors are located in
many tissues and interact with their ligands in different ways
(Chen et al., 2020). The effects of SCFAs include modulation
of cytokine synthesis, regulation of differentiation and acti-
vation of macrophages, neutrophils and T-lymphocytes, and
reduction of TNF-a and IL-12 production (Corréa-Oliveira
et al., 2016). In the urine of ISIAH rats, reduced contents of
isobutyrate and methyl acetoacetate are observed. Apparently,
their hypertensive status is similar in the parameters of the
gut microbiota to SHR rats with spontaneous hypertension,
in which a reduced number of bacteria producing acetate and
butyrate was found (Yang et al., 2015).

Conclusion

Thus, in ISIAH rats with hereditary stress-dependent hyper-
tension, judging by the characteristics of urine metabolites,
disturbances in the nitric oxide cycle (decreased levels of
N-acetylglutamate), changes in the function of gut micro-
biota (decreased isobutyrate and methyl acetoacetate), and
the participation of inflammatory processes in formation of
hypertensive status (decrease in nicotinamide and 1-methyl-
nicotinamide levels) may be suggested. The data obtained
complement our previous study (Seryapina et al., 2023): when
comparing serum metabolic profiles of ISIAH and WAG rats,
alterations in the nitric oxide cycle were also found (increased
ornithine blood level in ISIAH rats), as well as changes in
content and ratio of SCFAs (increased isobutyrate and de-
creased 2-hydroxyisobutyrate), and decreased concentrations
of betaine and tryptophan, which have anti-inflammatory
properties. Therefore, a decrease in the urinary N-acetylglu-
tamate, isobutyrate, methyl acetoacetate, nicotinamide and
I-methylnicotinamide, in combination with the changes in
the serum metabolome listed above, may be considered as
a set of potential markers for hereditary stress-dependent
hypertension in ISIAH rats.
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Pharmacologically induced forms of AH (L-NAME and
DOCA+NaCl) are identified by different metabolomic markers
(increased urinary levels of choline, N,N-dimethylglycine,
I-methylnicotinamide). These two groups are positioned in
the coordinates of the first two principal components in such
a way that they actually do not overlap with the groups of
control rats and ISIAH rats with hereditary AH. This occurs
despite the fact that a common metabolic link is suggested
between ISIAH and L-NAME rats, associated with impair-
ment of endothelial function, and, possibly, NO synthesis. The
results obtained demonstrate substantial metabolic differences
between the “naturally” developing hereditary form of AH and
two others caused by external pharmacological influences,
which, in fact, made it possible to identify a set of specific
metabolomic markers of hereditary, or “primary”, hyperten-
sion, distinguishing it from symptomatic, or “secondary’ ones.
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Abstract. We report the results of taxonomic studies on members of the family Micrococcaceae that, according to the
16S rRNA, internal transcribed spacer 1 (ITS1), average nucleotide identity (ANI), and average amino acid identity (AAI)
tests, are related to Kocuria rosea strain RCAM04488, a plant-growth-promoting rhizobacterium (PGPR) isolated from
the rhizosphere of potato (Solanum tuberosum L.). In these studies, we used whole-genome phylogenetic tests and
pangenomic analysis. According to the ANI > 95 % criterion, several known members of K. salina, K. polaris, and K. rosea
(including K. rosea type strain ATCC 186") that are related most closely to isolate RCAM04488 in the ITST test should be
assigned to the same species with appropriate strain verification. However, these strains were isolated from strongly
contrasting ecological and geographical habitats, which could not but affect their genotypes and phenotypes and
which should be taken into account in evaluation of their systematic position. This contradiction was resolved by a
pangenomic analysis, which showed that the strains differed strongly in the number of accessory and strain-specific
genes determining their individuality and possibly their potential for adaptation to different ecological niches. Similar
results were obtained in a full-scale AAI test against the UniProt database (about 250 million records), by using the
AAl-profiler program and the proteome of K. rosea strain ATCC 186" as a query. According to the AAl > 65 % criterion,
members of the genus Arthrobacter and several other genera belonging to the class Actinomycetes, with a very wide
geographical and ecological range of sources of isolation, should be placed into the same genus as Kocuria. Within the
paradigm with vertically inherited phylogenetic markers, this could be regarded as a signal for their following taxo-
nomic reclassification. An important factor in this case may be the detailing of the gene composition of the strains
and the taxonomic ratios resulting from analysis of the pangenomes of the corresponding clades.
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IIpenacTaBuUTesIel ceMelicTBa Micrococcaceae,

POJICTBEHHbIX CTUMYVJIMPVIOIE POCT paCTeHU pr306aKkTepun,
M30JIMPOBAaHHOI U3 pusocdepsl KapTodess (Solanum tuberosum L.)
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AHHOTauua. ViccnegoBaHbl NpeactaBuTenn cemenctea Micrococcaceae, poacTBeHHble, cornacHo Tectam 16S pPHK,
ITST (TpaHCKPVOVPYeMblii MeXTEHHbIN crieiicep), CpefjHeil HyKneoTuaHo naeHTnYHocT (ANI) 1 cpeaHeln aMUHOKNC-
notHon ngeHtuyHoctn (AAl), wrammy RCAM04488 Kocuria rosea — CTUMYMpPYIOLLEN POCT pacTeHnin pusobaktepum
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QunoreHeTNYECKNIA N MAHFEHOMHBbIN aHaNn3
npegcTaBuTenein cemeictBa Micrococcaceae

(PGPR), nsonuposaHHomy 13 pusochepbl kapTodens (Solanum tuberosum L.) ¢ ncnonb3oBaHMEM MOAHOrEHOMHbIX
durnoreHeTUYECKMX TECTOB U NaHreHOMHOro aHanm3a. CornacHo kKputepuio ANI > 95 %, psig U3BECTHbIX NpeacTaBuTe-
nen suaos K. salina, K. polaris v K. rosea (skniouas Tvinosoii wramm K. rosea ATCC 186"), Hanbonee 61M3KOpoACTBEH-
HbIX U301ATY B TecTe ITST, 4OMKHbI ObITb MPUMNKCaHbI K OAHOMY 1 TOMY e BUAY C COOTBETCTBYOLLEN BepudrKaLmen
wrammoB. OHAKO YKa3aHHble WTaMMbl OblIN BblAeSIEHbl U3 BECbMa KOHTPACTHbIX MO 3KOA0rMmn u reorpadumn mect
06U1TaHMA, YUTO He MOTTIO He CKa3aTbCsA Ha VX reHoTUMNe 1 GeHOTHMNe 1 JOMMKHO ObiTb TaK UIIM MHAUe YYTEHO B OLIeHKax
NX CUCTEMATNYECKOro NonoXeHus. [laHHoe NpoTMBOpeUne NPOACHAIOT pe3ynbTaTbl MAHFEHOMHOTO aHanu3a, Npoge-
MOHCTPUPOBaBLUYE CYLLeCTBEHHbIE Pa3NyMA B 3TVX LUTaMMaX KONMYeCTBa akLLeCCOPHbIX 1 WTaMM-CneLnduyHbIX re-
HOB, onpefenALWnNX NX UHANBMAYANIbHOCTb U, BO3MOXHO, MOTEHUMan Ana agantaunm K pasnnyHbiM SKONOrMYeckum
HMLLIAM C COOTBETCTBYOLWUMI GEHOTUNUYECKMUN NPU3HaKaMU. AHaNOMMUHbIe pe3ysnbTaTbl nosyyeHbl B Tecte AAl B
nosIHoMacLUTabHOM BapuaHTe ero NpumeHeHVs NpoTus 6a3bl AaHHbIX UniProt (okono 250 MiH 3anucei) ¢ NCnonb3o-
BaHMeM nporpammbl AAl-profiler u npoteoma wramma K. rosea ATCC 186" B KauecTse 3anpoca. COrnacHo Kputepuio
AAl > 65 %, B oauH 1 TOT e pop ¢ Kocuria ponmkHbl O6biTb 06beanHeHbl NpefcTaBuTeny poaa Arthrobacter n Heko-
TOPbIX APYrMX POAOB, OTHOCALLMXCA K KNAcCy akTMHOMMLIETOB, C BECbMA WMPOKMUM reorpaduryeckum v SKosornye-
CKUM CNeKTPOM NCTOYHUKOB KX BblaeneHuns. B pamkax napaanrMbl 0 BepTrKanbHO HacneayeMbix GrnoreHeTnyeckmnx
MapKepax 3TO MOXXHO TPAKTOBaTb Kak CMrHas Ana Ux nocneaytoLert TakcoHoMmnyeckowm nepeksanndurkaumm. BaxHbim
baKkTOpOM NpM 3TOM MOXKET ObITb feTanu3auma reHHOro CoCcTaBa WTaMMOB Y TAKCOHOMUYECKNX COOTHOLLEHWIA, Nony-
YaemblX B pe3yfibTaTe aHann3a NnaHreHOMOB COOTBETCTBYIOLMX KNaga.

KntoueBble cnoBa: Arthrobacter; Kocuria; Micrococcaceae; naHreHom; PGPR; dunoreHeTnyeckuin aHanms; sBepudrka-
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uua wrammoB; Solanum tuberosum L.

Introduction

The paper (Potanina et al., 2017) presented the results of phy-
logenetic studies on the plant-growth-promoting (Kargapolo-
va et al., 2017) bacterial strain Kocuria rosea RCAM04488,
isolated from surface-sterilized roots of potato (Solanum tu-
berosum L. ‘Kondor’). For the genotypic taxonomic identifica-
tion of this isolate, sequences of the 16S rRNA gene (GenBank
MF754147.1) and of the ITSI transcribed intergenic spacer
(GenBank MF765458.1) were obtained. By using 16S rRNA
(Potanina et al., 2017), the evolutionary proximity of this
isolate to the genera Rothia, Arthrobacter, and Zhihengliuella,
as well as to members of the species K. rosea and K. polaris,
was ascertained.

Kocuria is a genus of gram-positive bacteria of the family
Micrococcaceae, phylum Actinobacteria, which are either
aerobic or facultatively anaerobic. To date, 32 Kocuria species
have been identified.

Kocuria bacteria have been found on human and animal
skin and mucous membranes. They are generally considered
nonpathogenic but can be detected in some urinary tract in-
fections and in hepatobiliary, cardiovascular, nervous system,
and gastrointestinal infections (Kandi et al., 2016). Although
Kocuria can infect immunocompromised patients, they are
weakly pathogenic and are highly sensitive to antibiotics
(Odeberg et al., 2023).

Many Kocuria members, including the type species K. ro-
sea, live in soil (Stackebrandt, Schumann, 2015) and are en-
dophytes; i.e., they have been isolated from the rhizosphere
and tissues of many plants. Endophytic Kocuria are inhibitory
to several pathogenic fungi and bacteria (Cho et al., 2007;
Rao et al., 2015; Andreolli et al., 2016; Candra et al., 2022;
Tavarideh et al., 2022; Tedsree et al., 2022). In addition,
some of them have properties of plant-growth-promoting rhi-
zobacteria (PGPR), because they produce indole-3-acetic acid
and other phytohormones and because they increase plant
resistance to stress (Passari et al., 2017; Li et al., 2020).

Bacteriocins from nonlactic acid bacteria, in particular
variacin from K. varians, can be used for the biopreservation

of food (cheese and meat) products (Galvez et al., 2010). The
K. rosea exopolysaccharide, kocuran, is used in the production
of antimicrobial coatings (Kumar, Sujitha, 2014).

A number of soil Kocuria can degrade some xenobiotics,
in particular phthalate esters, pesticides, and salts of arsenic,
copper, and other heavy metals (Kaur et al., 2015; Roman-
Ponce etal., 2016; Hansda et al., 2017; Mukherjee et al., 2018;
Vital et al., 2019; Yastrebova, Plotnikova, 2020; Gonzalez-
Benitez et al., 2021; Mawang et al., 2021). Various Kocuria
have been recovered from soils; marine sediments; meat,
dairy and seafood products; beer; seawater; rocks; livestock
bedding; manure; surface spring water; and other sources
(Church et al., 2020).

The aim of this research was to obtain phylogenetic and
genetic information on Micrococcaceae members related to
K. rosea isolate RCAMO04488 according to the following
tests: 16S rRNA (Potanina et al., 2017), internal transcribed
spacer (ITS1), average nucleotide identity (ANI), and average
amino acid identity (AAI). Whole-genome phylogenetic tests
and pangenomic analysis were applied to the known results of
whole-genome DNA sequencing of these strains.

Materials and methods

In our phylogenetic and pangenomic studies, we used the
published genomes of the bacterial strains under study, brought
into consideration as a result of the use of the bioinformatic
resources mentioned below. The characteristics of the genomes
are summarized in Results and Discussion and in Supplemen-
tary Materials.

The blastn program! was used in taxonomic analysis with
the genetic sequence of the ITS1 intergenic spacer of K. rosea
RCAMO04488 (GenBank MF765458.1). Strain RCAM04488 is
part of the Russian Collection of Agricultural Microorganisms
(https://arriam.ru/kollekciya-kul-turl, accessed 09/06/2023;
RCAMO04488) and of the Collection of Rhizosphere Microor-

T Standard Nucleotide BLAST. https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome.
Accessed 09/06/2023.
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ganisms, Institute of Biochemistry and Physiology of Plants
and Microorganisms, Russian Academy of Sciences (IBPPM
RAS) (http://collection.ibppm.ru, accessed 09/06/2023;
IBPPM604).

The average nucleotide identity (ANI) test? (Goris et al.,
2007; Rodriguez-R, Konstantinidis, 2014; Jain et al., 2018), in
its OAT modification® (Lee et al., 2016), was used for quantita-
tive species/genus demarcation on the basis of whole-genome
sequencing of the strains’ DNA. Note that the 16S rRNA,
ITS1, ANI, and AAI tests were developed within the para-
digm of vertically inherited prokaryotic genotypic traits by
using markers from the core component of the pangenome
(Tettelin, Medini, 2020) without any account of the effects
of horizontal gene transfer (HGT) in its accessory (optional)
and strain-specific parts. The HGT effects largely control the
variety of phenotypic traits that determine, in particular, the
ability of bacteria and archaea to adapt and function in diverse,
frequently changing ecological niches (Koonin, 2012). These
traits are taken into account in the analysis of the systematic
position of entries that is based on the polyphasic approach,
which is very common in the traditional systematics of the
prokaryotes (Oren, Garrity, 2014). Hence follows the obvious
conventionality of phylogenetic analysis within any scheme
using only vertically inherited phylogenetic markers, as do
possible contradictions of its results to the traditional classi-
fication and nomenclature of the prokaryotes (Shchyogolev,
2021). This probably explains, in particular, the need for their
verification with appropriate classification changes, which
turned out to be relevant for about 60 % of the Genome
Taxonomy Database* (GTDB) entries analyzed in Parks et
al. (2018).

We used the PGAP program?® (Chen et al., 2018) to obtain
information on pangenome composition for selected phylo-
genetic groups of bacteria (clades).

We used the AAl-profiler program® (Medlar et al., 2018)
to evaluate the whole-genome systematic position of Kocu-
ria members relative to the entries from the UniProt protein
property database’ (250 million records) for Kocuria members
found by the 16S rRNA and ITSI tests to be closely related
to K. rosea RCAMO04488. In particular, the program detects
and visualizes possible contradictions in the classification of
pro- and eukaryotes and microbial contamination (Medlar et
al., 2018). To visualize and analyze phylogenetic trees, we
used the MEGA11 programs®.

Results and discussion

Strains closely related to Kocuria rosea isolate RCAM04488
in the ITS1 test

Use of blastn with the sequence of the ITS1 intergenic spacer
of K. rosea RCAMO04488 (GenBank MF765458.1) against
the RefSeq Genome Database (refseq_genomes) with the Ko-

2 ANI/AAI-Matrix. http://enve-omics.ce.gatech.edu/g-matrix. Accessed
09/06/2023.

3 OAT. https://www.ezbiocloud.net/tools/orthoani. Accessed 09/06/2023.

4 Genome Taxonomy Database. https:/gtdb.ecogenomic.org. Accessed
09/06/2023.

5> PGAweb. http://pgaweb.vicc.cn/analyze. Accessed 09/06/2023.

6 AAl-profiler. http://ekhidna2.biocenter.helsinki.fi/AAl. Accessed 09/06/2023.
7 Find your protein. https://www.uniprot.org. Accessed 09/06/2023.

8 MEGA. https://www.megasoftware.net. Accessed 09/06/2023.
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curia option (taxid:57493) yielded a set of 12 hits. These in-
cluded ITS1 sequences from Kocuria members and references
to the results of whole-genome DNA sequencing of all (mostly
type) strains in the set (Supplementary Material 1)°. Of note,
in the BacDive database (Reimer et al., 2022), on the web
page!?, information is given on 29 entries representing the
type strain of K. rosea, including K. rosea DSM 204477,
which, according to the 16S rRNA test, is evolutionarily close
to the isolate we are studying (Potanina et al., 2017). Among
the results of similar studies conducted by us with the use of
the resource!! (data not shown), K. rosea strain ATCC 1867
(characteristics summarized in Supplementary Material 1) is
indicated as the type strain. It is also found on the K. rosea
DSM 20447T BacDive web page, presented as the type strain
in Trachtenberg et al. (2018), and used for comparison in
pangenomic analysis and in AAl-profiler studies.

The BLAST distance tree for ITS1 of K. rosea RCAM04488
(GenBank MF765458.1) with the indicated 12 hits (Fig. 1)
shows clustering of K. rosea RCAMO04488 with members
of K. rosea, K. polaris, and K. salina, in agreement with the
main results of the 16S rRNA test (Potanina et al., 2017).
The value of the ITS1 sequence identity /= 99.1 % among
those marked in Figure 1 and the general structure of the
cluster, the node of which is marked by a red dot in Figure 1,
indicates that K. rosea RCAMO04488 is most closely related
taxonomically to K. rosea strain AF099C18 in this test. Strain
AF099C18 belongs to the type species of the genus Kocuria,
the members of which are found in very diverse ecological
niches (Stackebrandt, Schumann, 2015) (see Introduction
and Supplementary Material 1), and was isolated in Eugene
(Oregon, USA) from a dust sample during the study of the
effect of the finishing of indoor surfaces on bacterial viability
(Hu et al., 2019).

The other members of this cluster include K. rosea strain
DSM 204477, a member of the Actinobacteria; K. polaris
type strain CMS 760rT, isolated from cyanobacterial mats in
McMurdo Dry Valley, Antarctica (Gundlapally et al., 2015);
and K. salina strain CV6 29, isolated in the vicinity of Lake
Schott el Djerid (Tunisia) from the roots of Cistanche violacea,
a desert plant of the Orobanchaceae family that lives on the
roots of host plants (tamarix, black saxaul). The adaptation
of these strains to such a contrasting diversity of habitats and
conditions can be attributed to the phenotypic traits encoded
by the genes in the accessory and strain-specific parts of the
Kocuria pangenome, to which a large contribution is prob-
ably made by HGT (Treangen, Rocha, 2011; Koonin, 2012).

At the whole-genome level with housekeeping genes, how-
ever (ANI test, orthologous genes), all four strains in the
monophyletic group with sequence MF765458.1 (Fig. 1)
obey the ANI > 95 % condition and, therefore, should be
considered as belonging to the same species (Jain et al., 2018).
This is illustrated by the ANI dendrogram (UPGMA variant)
obtained by the OAT method described in Lee et al. (2016)
(Supplementary Material 2). In addition to the four strains
listed above, the ANI > 95 % condition, which groups the

9 Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx12.pdf

10 kocuria rosea DSM 20447 is an aerobe, mesophilic bacterium of the family
Micrococcaceae. https://bacdive.dsmz.de/strain/7641. Accessed 09/06/2023.
1 Search EzBioCloud Database. https://www.ezbiocloud.net. Accessed
09/06/2023.
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Kocuria turfanensis HO-9042{93.2}

— Kocuria sediminis JCM 17929{94.6}

Kocuria dechangensis CGMCC 1.12187{96.3}
Kocuria salina CV6 29{97.9}
Kocuria rosea DSM 20447{97.6}
Kocuria polaris CMS 760r{98.1}
MF765458.1
Kocuria rosea AF099C18{99.1}
Kocuria palustris F5_7S_P11C{98.0}
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Kocuria soli M5W7-7{96.7}

I: Kocuria subflava YIM 13062{96.8}
Kocuria coralli SCSIO 13007{95.2}

Fig. 1. Distance tree for BLAST hits with the ITS1 query sequence (GenBank MF765458.1) of K. rosea RCAM04488
against the RefSeq Genome Database (refseq_genomes) with the Kocuria option (taxid:57493).

The identity values (/, %) between sequence MF765458.1 and hit sequences are indicated in curly brackets.
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Fig. 2. Pangenomic analysis of the Kocuria strains included in Figure 1 and Supplementary Material 2. A, size of the pangenome (7) and core genome (2)
versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-specific genes. C, pie
chart of the pangenome contents corresponding to the monophyletic group highlighted in Figure 1 (red dot), with core, accessory, and strain-specific

genes. D, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Fig. C.

strains into the same species (Jain et al., 2018), is also obeyed
by the K. sediminis JCM 17929T-K. turfanensis HO-9042T
pair. Unlike 16S rRNA and ANI, the ITS1 test (Fig. 1) does
not have quantitative criteria for grouping/demarcating taxa.
In our case, this turned out to be possible only by combining
the OrthoANI dendrogram with the heat map in Supplemen-
tary Material 2.

To elucidate those whole-genome details that determine the
strains’ individuality and possibly also differences in adapta-
tion behavior in contrasting ecological niches, we performed
a pangenomic analysis (Chen et al., 2018; Tettelin, Medini,
2020) of the strains included in Figure 1 and Supplementary
Material 2 by using the PGAweb program. To the 12 genomes
of these strains, we added the genome of K. rosea strain
ATCC 1867 (see above).

Figure 24 shows the dependences of pangenome size
(curve 1) and core genome size (curve 2) on the number of ge-
nomes being considered for the set corresponding to Figure 1.
Different colors and numbers in the pie chart of Figure 28

denote the content of the core, accessory, and strain-specific
genes in their total pool for a clade of 13 strains. The general
appearance of curves / and 2 indicates that this pangenome is
of the open type, which means that it allows DNA exchange
with the global prokaryote gene pool through a variety of
mechanisms (Chen et al., 2018; Tettelin, Medini, 2020), in-
cluding HGT (Treangen, Rocha, 2011; Koonin, 2012).

To elucidate subtle differences among these five genomes,
which possibly contribute substantially to their distribution
across different ecological niches and other individual phe-
notypic traits but are not evident in the ANI test (see Supple-
mentary Material 2), we conducted a separate pangenomic
analysis for 5 strains corresponding to the monophyletic group
highlighted in Figure 1 (red dot) (Fig. 2C, D). For this clade of
closely related species, the analysis showed a relatively high
content of core genes (70 %), a lower content of accessory
genes (24 %), and a low percentage of unique (strain-specific)
genes (6 %), with very marked interstrain differences in their
number (Fig. 2D).
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The largest number of unique genes is present in the en-
dophytic strain K. salina CV6 (480), which is followed by
K. rosea AF099C18 (287) and K. polaris CMS 760rT (235).
The letter R in K. rosea strain AF099C18 in Figure 2, D shows
its status as a representative of K. rosea isolate RCAM04488
at the whole-genome level, which is the most closely related
to it in the 16S rRNA (Potanina et al., 2017) and ITS1 tests

(Fig. 1).

Strains related to Kocuria rosea RCAM04488

in the AAl-profiler test

Using AAl-profiler, we made an extended whole-genome
evaluation of the systematic position of the Kocuria members
related to K. rosea RCAMO04488 according to the 16S rRNA
(Potanina et al., 2017) and ITSI tests (see above). This was
done at the level of the UniProt database, which has about
250 million records as of autumn 2023. With allowance for
the close kinship between K. rosea strains, which is shown
in Supplementary Material 2, we chose K. rosea type strain
ATCC 1867 as the initial one for use in AAI-profiler.

The query was the proteome of K. rosea ATCC 1867 (ge-
nome assembly GCF_006094695.1), used by AAl-profiler to
determine AAI between the query proteome and the proteomes
of the species members in UniProt and to construct an AAI
distribution diagram (Fig. 3). AAI values are plotted on the
horizontal axis, and the values of the MF (matched fraction,
the proportion of query proteins that have matches in the spe-
cies analyzed by the program) are plotted on the vertical axis.
The diagram icons correspond to the species that received the
highest scores, with account taken of AAI and coverage, i.e.,
the sum of the sequence identity values for all query proteins
with established matches.

Related species, grouped and colored on the basis of genus,
form a characteristic “cloud” in the diagram, with AAI values
reflecting the evolutionary closeness of the UniProt strains and
the query strain. The horizontal axis has icons for the species
for which only individual proteins have been sequenced.
The icons are colored according to genus (bacteria) or order
(eukaryotes). Eukaryotic species are marked with rhombuses;
bacteria, with circles; archaea, with crosses; and everything
else (viruses, metagenomes, and unclassified samples), with
squares. The vertical dashed lines in Figure 3 correspond to the
AAI cutoff values for strain demarcation on the basis of genus
(AAI > 0.65) and species (AAI > 0.9) under the conditions
presented in the ANI/AAI-Matrix resource, on the website!?,
and in Rodriguez-R and Konstantinidis (2014).

The results (Fig. 3) show that the query proteome corre-
sponds to a set of 11 K. rosea strains with average coverage
and AAl values of 0.989 and 99.8 %, respectively. The closest
to this set among the classified ones is that of two K. polaris
strains (including the type strain CMS 760r), the icon of which
is located in the area of the diagram with AAI values > 90 %
(to the right of the vertical dashed line with an abscissa of 0.9).
In the AAI test, this means that all these 13 strains and some
other Kocuria members (not shown here) belong to the same
species (Luo et al., 2014).

As an example, the Figure 3 diagram includes K. turfanensis
strain NBRC 1076277, the icon of which is located within the

12 Understanding Results. https://help.microbial-genomes.org/
understanding-results#distance. Accessed 09/06/2023.
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Fig. 3. AAl distribution diagram for K. rosea ATCC 1867, as found in the
AAl-profiler output data.

Explanations are in the text.

range of 0.65 < ANI < 0.9, where most species belonging to
the same genus in the AAI test (Luo et al., 2014) are concen-
trated. These include Kocuria of the following species: coralli,
flava, indica, marina, palustris, rhizophila, sediminis, soli,
subflava, turfanensis, tytonicola, tytonis, and varians. How-
ever, the same area in the diagram with coverage in the range
0.12-0.74 also includes members of the genus Arthrobacter
(the most widely represented genus in the Fig. 3 diagram)
and of the genera Pseudarthrobacter, Micrococcus, Micro-
bacterium, and some other actinomycetes. The placement of
these entries (and other bacterial species/strains marked with
pink, green, and light green dots) into the main cluster of the
genus Kocuria, which groups species related to the query
strain K. rosea ATCC 1867 (to the right of the dashed line
with abscissa AAI = 0.65), could be interpreted as a signal for
their probable taxonomic reclassification (Medlar et al., 2018)
within the paradigm with vertically inherited phylogenetic
markers (Koonin, 2012). However, a decision on this should
be made after additional genotypic and phenotypic features
are considered within a polyphasic approach (Oren, Garrity,
2014). These strains are listed together with their detailed
characteristics in the AAI-profiler output.

Six icons corresponding to eukaryotes are located on the ab-
scissa axis at the intraspecies level with AAI values >0.9. The
relatively small (symbolically zero) coverage values mean that
only individual proteins have been sequenced for them (Med-
lar et al., 2018). The protein system from the fruit fly Droso-
phila mauritiana proved closest to that of K. rosea ATCC 1867
on the basis of AAI = 100 %. Next in descending order of
AAI values in the intraspecies interval 90 % < AAI < 100 %
(Luo et al., 2014) are Penicillium polonicum (imperfect fun-
gus), Poeciliopsis prolifica (small freshwater fish), Droso-
phila sechellia (another fruit fly species), Nothoprocta or-
nata (flightless bird), and Hirsutella minnesotensis (asexual
propagating fungus). For clarity, some of these are marked
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set of strains from the pangenome in Figs. A-C.

The phylogram was obtained by the NJ method on the basis of the gene acquisition/loss matrix. Red dots and Roman numerals indicate nodes of monophyletic

groups.

with arrows in Figure 3. In the same ANI > 90 % interval, the
icons for members of the prokaryotes and the genera Kocuria,
Arthrobacter, Micrococcus (all actinomycetes), and Nitro-
somonas (B-proteobacteria) are shown on the abscissa axis.
For prokaryotes, this is explained by HGT (Treangen, Ro-
cha, 2011; Medlar et al., 2018). For eukaryotes, which in our
case include members of the animal and fungal kingdoms, the
high homology between their protein systems and those of the
genus Kocuria (class Actinomycetia) may be associated with
symbiogenesis as a very probable mechanism of the origin
of eukaryotes with the participation of prokaryotes (Dey et
al.,2016; Provorov et al., 2018). Bioinformatic studies of this
phenomenon have been reported, for example, in Markov and
Kulikov (2005) and in Nikitin (2016). They provide data to
show that although archaea [from which a considerable part
of the eukaryotic genome originates (Stairs, Ettema, 2020)],
a-proteobacteria (precursors to mitochondria), and cyanobac-
teria (precursors to plastids) play fundamental parts in sym-
biogenesis, substantial contributions to these processes are
made by various bacteria, not limited to the above two taxa.
In the context of the above-mentioned A Al-profiler results,
of interest is the information on the general genomic structure
of Kocuria and Arthrobacter members. This information was
obtained by pangenomic analysis with the PGAweb software

package described in Chen et al. (2018). In the database of
the results of whole-genome DNA sequencing of prokaryotic
strains!3, as of autumn 2023, we found a fairly representative
set of genomes for 20 mostly type strains of Kocuria spe-
cies, having the status of reference genomes (Supplementary
Material 3) and used by us for pangenomic analysis (Fig. 4).

The Figure 4 results show the overall conservatism of the
genomes being considered (26 % of the core genes) and the
pronounced openness of the pangenome (Fig. 44, B, curves
I and 2). The changes in the accessory (62 % of the total
number of genes) and strain-specific (Fig. 4C) components
of the pangenome, which reflect the species diversity of Ko-
curia, can also be attributed to the great diversity of habitats
of these strains — from animal and plant organs and tissues to
food, soil, air, and marine environments, including Antarctic
cyanobacterial mats.

Figure 4D shows the phylogram presented in the final
PGAweb results. It was obtained by the neighbor-joining (NJ)
method on the basis of the gene acquisition/loss matrix for the
pangenome as a whole (Chen et al., 2018). This tree shows
a clear distribution of strains over three monophyletic groups
(Fig. 4D, red dots). There is no sufficiently pronounced de-

13 Genome. https://www.ncbi.nlm.nih.gov/datasets/genome. Accessed
09/06/2023.
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Fig. 5. Results of pangenomic analysis of Arthrobacter strains with reference genomes, listed in Supplementary Material 4. A, size of the pangenome (1)
and core genome (2) versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-
specific genomes. C, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Figs. A and B.

pendence on geographical or environmental factors. It can
only be noted that strains of animal origin are concentrated
in Figure 4D in group iii.

For comparison and with account taken of the wide repre-
sentation of Arthrobacter species in the AAl-profiler output
(Fig. 3), we also performed a pangenomic analysis for the
species of this genus corresponding to these members. The
obtained set of predominantly type strains and genomes in
the “Reference genomes” category, which we found in the
Genome database, is presented in Supplementary Material 4.

Figure 54, B shows the pangenome characteristics for the
group of Arthrobacter species listed in Supplementary Ma-
terial 4. Note that the relative number of core genes for the
Arthrobacter group is much smaller than that for the Kocuria
group (Supplementary Material 3, Fig. 4). The greater num-
ber of accessory and strain-specific genes in Arthrobacter
(94 %), as compared with Kocuria (74 %), indicates higher
overall genomic heterogeneity of the Arthrobacter group
under consideration and greater openness of its pangenome.
The number of strain-specific genes in each of the strains
forming part of the Arthrobacter pangenome group varies in
a wide range, from 130 (4. crystallopoietes) to 1,517 (A. ter-
ricola) (Fig. 5C).

Conclusions

We have shown that, according to the ANI test, the strains
K. salina CV6 and K. polaris CMS 76or", together with
K. rosea DSM 20447, K. rosea AF099C18, and K. rosea
ATCC 1867, formally within a phylogeny with vertically
inherited markers, should be assigned to the same species
(ANI > 95 %) with appropriate species verification of the
strains. Because all five strains have been isolated from
strongly contrasting ecological and geographical habitats,
this fact could not but affect their genotypes and phenotypes
and should be taken into account in the analysis of their sys-
tematic position.

We have clarified this contradiction by pangenomic ana-
lysis of a clade of 13 Kocuria strains closely related in the
16S rRNA and ITS1 tests to the K. rosea strain of interest,
RCAMO04488, isolated from surface-sterilized potato roots.
The clade includes the above-mentioned Kocuria strains. The

analysis has shown the pangenome to be of the open type and
has revealed large differences between the above strains in
the content of accessory and strain-specific genes, which de-
termine their individuality and possibly potential for adapta-
tion to different ecological niches with the corresponding
phenotypic traits. The largest number of unique genes, which
are listed in the output of the PGAP program, was observed
in the endophytic strain K. salina CV6 (480). This strain is
followed by K. rosea AF099C18 (287), which is most closely
related to K. rosea RCAMO04488 in the 16S rRNA and ITS1
tests. These observations seem important for evaluating the
possible gene content of K. rosea RCAMO04488 in terms of
its abilities as a PGPR. This will be the subject of our further
work, which will use the results of whole-genome DNA se-
quencing of this strain.

Using AAl-profiler, we obtained similar results in a full-
scale AAI test against the UniProt database (approximately
250 million records). In particular, these results confirm the
need to assign K. rosea and K. polaris members and several
other members of the genus Kocuria to the same species
(AAI > 90 %). In the phylogenetic aspect, our most substantial
finding is the established association of Kocuria, Arthrobacter
(the genus most widely represented in these results), Pseud-
arthrobacter, Micrococcus, Microbacterium, and several
other genera as members of the same genus according to
the AAI > 65 % criterion. Within a paradigm with vertically
inherited phylogenetic markers, this could be regarded as a
signal for the following taxonomic reclassification of these
entries. In this respect, it may help to comparatively evaluate
their gene content and taxonomic relationships on the basis
of pangenomic studies. However, to make this responsible
decision, one should consider additional genotypic and phe-
notypic characteristics of the strains under study within a
polyphasic approach.
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Abstract. Endemic amphipods (Crustacea: Amphipoda) of Lake Baikal represent an outstanding example of large
species flocks occupying a wide range of ecological niches and originating from a handful of ancestor species.
Their development took place at a restricted territory and is thus open for comprehensive research. Such examples
provide unique opportunities for studying behavioral, anatomic, or physiological adaptations in multiple combina-
tions of environmental conditions and thus attract considerable attention. The existing taxonomies of this group
list over 350 species and subspecies, which, according to the molecular phylogenetic studies of marker genes, full
transcriptomes and mitochondrial genomes, originated from at least two introductions into the lake. The studies of
allozymes and marker genes have revealed a significant cryptic diversity in Baikal amphipods, as well as a large va-
riance in genetic diversity within some morphological species. Crossing experiments conducted so far for two mor-
phological species suggest that the differences in the mitochondrial marker (cytochrome c oxidase subunit | gene)
can potentially be applied for making predictions about reproductive isolation. For about one-tenth of the Baikal
amphipod species, nuclear genome sizes and chromosome numbers are known. While genome sizes vary within
one order of magnitude, the karyotypes are relatively stable (2n = 52 for most species studied). Moreover, analy-
sis of the diversity of repeated sequences in nuclear genomes showed significant between-species differences.
Studies of mitochondrial genomes revealed some unusual features, such as variation in length and gene order, as
well as duplications of tRNA genes, some of which also underwent remolding (change in anticodon specificity due
to point mutations). The next important steps should be (i) the assembly of whole genomes for different species of
Baikal amphipods, which is at the moment hampered by complicated genome structures with high repeat content,
and (ii) updating species taxonomy taking into account all the data.
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AHHOTauusA. dHaeMUYHble amdurnogbl (Crustacea: Amphipoda) o3epa balikan — 370 0guH U3 Hanbonee APKUX Npu-
MepOB BO3HUKHOBEHUA BOJbLLOrO KONMYeCTBa BMAOB (Tak Ha3biBaeMblX OYKeTOB BUAOB), 3aHUMAOLLMX Pa3HOO6-
pa3sHble 3KONOormyeckre HALK, OT HEGOJBLLOTO YMC/a UCXOAHbIX BUAOB, KOTOPOE NMPONCXOAMIIO Ha OrPaHNYeHHON
TeppUTOpPUM 1 MOTOMY AOCTYMHO ANA BCECTOPOHHEro UcCsiefoBaHusA. [logobHble NprMepbl NPefoCTaBAAT YHU-
KasibHbl€ BO3MOXHOCTUN 13yUYEHUNA MOBEAEHUYECKMX, aHATOMNYECKUX U GU3NONOTMUECKNX afanTaLMii BO MHOXECTBE
KOMOUHaLNIA yCNOBWIA Cpeabl U MOTOMY NpUBEKatoT 6onblioe BHUMaHMe. CyllecTByioLMe BapraHTbl TaKCOHOMY-
YecKo Knaccmdurkaumm 3Tol rpynnbl HacuMTbiBaloT 6onee 350 Mopdonornyecknx BUAOB 1 NOABULOB, KOTOPbIE,
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Lake Baikal amphipods
and their genomes, great and small

COrNAcHO MOJEKYNAPHO-GUITOTEHETUYECKUM WCCIIefOBaHUAM MApKEPHBIX FeHOB, MOJIHbIX TPAHCKPUMTOMOB U
MUTOXOHAPVANIbHBIX FTEHOMOB, NMPOU3OLLIIN B pe3ysibTaTe He MeHee [IByX BCeneHuii B 03epo. ViccnefosaHus nso-
bepMeHTOB 1 MapKepPHDBIX FEHOB BbIABMN CYLLECTBEHHOE KPUMTUYECKOE pa3Hoobpasie 6arkanbckmx amdunop, a
TaKXe CYLeCTBeHHbI pa3bpoc Mo YPOBHIO reHeTNYeCKoro pa3Hoo6pasmns BHYTPY HEKOTOPbIX MOPGONOrMYeckmnx
BMIOB. JKCNeprMeHTanbHas NpoBepKa, NPOBeAeHHas Ha AaHHbIE MOMEHT TOMbKO ANA ABYX MOPQONOrnyecKknx
BUOB, MOKa3blBaeT BO3MOXHYIO NMPUMEHNMOCTb MATOXOHAPWANbHOTO MapKepa, reHa nepBoi Cy6beanHNLb Ln-
TOXPOM C-OKCMAA3bl, ANA NpeAckasaHvs penpoayKTMBHON usonaumn. MNpnbnmsntenbHo y [ecATON YacTu BULOB
6aiikanbCkyx amounog 6bi1 U3yyeH pasmep ALEPHOIO reHOMa U XPOMOCOMHbIE YMCIA, YTO NMO3BONWIIO BbIABUTb
NouTH AeCATUKPATHYIO BapnabenbHOCTb pa3Mmepa reHomMa npw CTabunbHbIX (2n = 52 ana 60NbLUMHCTBA U3YYEHHbIX
BMIO0B) KapuoTunax. [Mpu 3ToM aHanm3 pa3Hoobpa3us MOBTOPOB B AAEPHbIX FTeHOMaXx NoKa3as CyLeCTBeHHbIe MeX-
BMAOBble pa3nuuus. Kpome Toro, BbisiBNieHbl HEOObIUHblE 0COBEHHOCTY HEKOTOPbIX MUTOXOHAPUANbHbBIX FeHOMOB,
Takne Kak BapuabenbHOCTb Mo ANViHe 1 MO NopALKY FreHOB, a Takxe AynnuKkauum reHoB TPHK, uacTb 13 KoTopbix
noABeprnacb PEMONANHTY (M3MEeHeHUIo CnelMGUUHOCTI aHTVKOAOHA 3a CYET TOUYeUHbIX MyTauwmit). Cnegyowym
Ba’KHbIMY LIaramMu JO/MKHbI CTaTb COOPKa MOJIHbIX FEHOMOB AJ1l Pa3HbIX BUAOB GalikanbCKux amounog, yemy Ha
[AHHOM 3Tare NPenATCTBYET CNIOXHaA CTPYKTypa 3TVX reHOMOB C 60bLUMM COAEPXKaHNeM NOBTOPOB, U O6GHOBNEe-
HIi€ TAKCOHOMMYECKON KnaccudurKaLumm BUAOB C yUETOM KOMIIEeKCa NoyYeHHbIX JaHHbIX.

KntoueBble cnioBa: o3epo balikan; 6okonnasbl; GyKeTbl BUAOB; BUA006PA30BaHeE; reHeTrKa Nonynauuii; reHommKa.

Introduction

Ancient lakes are known speciation hotspots. However, even
against this background, the biodiversity of Lake Baikal, the
age of which is estimated as 25-30 or even 70 million years,
stands out (Cristescu et al., 2010; Mats et al., 2011). The re-
presentatives of the order Amphipoda (Crustacea) constitute
one of the largest groups of closely related species found in
Baikal.

The diversity of amphipods in Baikal may be partially attri-
buted to the broad range of habitats and ecological niches they
occupy, as the species within this group differ in habitat depth
(0-1,642 meters), feeding habits, and reproductive periods
(Takhteev, 2000a, b). However, many species share the same
habitat, being at the same time similar in size, feeding spectra
and reproductive periods (Takhteev, 2000a, b), which raises the
question of the evolutionary forces that drove their speciation.
Earlier reviews have already presented global conclusions
about the origin of Baikal endemic fauna based on molecular
data from multiple studies (Sherbakov, 1999; Sherbakov et al.,
2017). However, the recent years have seen the accumulation
of a lot of new data, especially high-throughput sequencing,
which have uncovered new details on speciation and genome
evolution in Baikal amphipods.

How many amphipod species are there in Baikal?

Morphological classification

Currently, the formal identification of Baikal amphipod species
is based on the morphological criterium, i.e. the presence of
a unique set of morphological traits in all studied individuals
of a particular species. The number of morphological species
and subspecies in Baikal exceeds 350 (Takhteev, 2000a; Ka-
maltynov, 2001; Takhteev et al., 2015). In the case of Baikal
amphipods, subspecies were mostly derived from morphologi-
cal varieties that differed less than species would (Bazikalova,
1945; Takhteev, 2000a). All these species belong to the phy-
lum Arthropoda, subphylum Crustacea, class Malacostraca,
order Amphipoda, and superfamily Gammaroidea (Sket et
al., 2019). The numbers of subspecies, species, genera and
families differ according to different authors (Takhteev, 2019),

but the most evident discrepancies are attributed to differing
taxonomic levels (subspecies/species, congeneric species/
different genera etc.).

Multiple classifications complicate studies in Baikal am-
phipods. From a practical point of view, the most important
discrepancies for researchers are different generic names for
the same species. The correspondence between the names
suggested by different authors can be easily checked using
the World Amphipoda Database (WAD; https://www.marine
species.org/amphipoda/) (Horton et al., 2023). It is worth
noting that the systematics accepted by WAD (Kamaltynov,
2001, 2009) does not have an associated identification key,
and thus many manuscripts use the species names indicated
in the existing keys. The most comprehensive key for Baikal
amphipods is still (Bazikalova, 1945), although some groups
are covered in more detail in later sources (Bazikalova, 1962;
Takhteev, 2000a). The only available English identification
key for the genera of Baikal amphipods is provided by (Sket
et al., 2019). An English language checklist of all known
species according to the same classification is compiled in
(Takhteev et al., 2015). However, none of the sources in-
clude the species described after 2000: Eulimnogammarus
messerschmidtii Bedulina et Takhteev, 2014 (Bedulina et al.,
2014), Eulimnogammarus etingovae and Eulimnogamma-
rus tchernykhi Moskalenko, Neretina & Yampolsky, 2020
(Moskalenko et al., 2020).

Molecular genetics approaches to classification

Molecular phylogenetic studies in Baikal amphipods revealed
three important conclusions. First, all studied species cluster
within the freshwater radiation of the morphological genus
Gammarus Fabricius, 1775 at the phylogenetic tree, which
provides evidence of their descent from Gammarus-like
freshwater ancestors (Macdonald III et al., 2005; Hou et
al., 2014). Second, studies utilizing phylogenetic marker
genes have shown that Baikal amphipods fall into two clades
(Sherbakov, 1999; Macdonald III et al., 2005), indicating that
their ancestors invaded the lake at least twice. This conclusion
is supported by the phylogeny based on single-copy ortho-
logs in transcriptomes (Naumenko et al., 2017) and whole
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Fig. 1. Comparison of the levels of population genetic diversity of the COI fragment within the best studied morphological species E. verrucosus (A),

Gm. fasciatus (B) and E. cyaneus (C).

Shown are representative photographs of each species at the same scale (grid size is 5 mm), along with split phylogenetic networks at the same scale (scale bar
is 1 % substitutions, i.e. 5.1 substitutions in the 510-bp alignment), and corresponding sampling points. Sequence data were obtained from the BOLD database
(Ratnasingham, Hebert, 2007). Sampling coordinates were added or corrected based on the original publications (Fazalova et al., 2010; Petunina, 2015; Romanova
et al,, 2016a; Gurkov et al., 2019). Different colors on networks and maps correspond to different barcode index numbers (BINs) automatically determined by
BOLD (Ratnasingham, Hebert, 2013). For detailed methodology, please refer to https://github.com/drozdovapb/Baikal-amphipods-review-post-chr2023.

mitochondrial genomes (Romanova et al., 2016a). The first
invasion gave rise to a much smaller number of recent species
than the second invasion (Bazikalova, 1945; Naumenko et al.,
2017). Third, several species of Baikal amphipods were found
to exhibit cryptic diversity, i.e. the presence of genetically
distinct groups that are morphologically indistinguishable or
hard to distinguish.

Studies of allozyme spectra showed significant (in many
cases species-level) differences within morphological species
and led to suggestions to elevate some subspecies to species
rank (Yampolsky et al., 1994; Viindla, Kamaltynov, 1999)
or, vice versa, synonymize (Daneliya et al., 2009). The dif-
ferences in allozyme frequencies may indicate the presence of
isolated populations, but they are difficult to directly translate
into species boundaries. This issue also affects the outcomes
of phylogenetic marker sequencing, albeit to a lesser degree.
In this case, species delimitation may rely on calculated
threshold values of patristic distances (Lefébure et al., 2006)
or other techniques that take into account genetic distances,
phylogenetic tree topology or shared alleles (Fiser et al., 2018).
However, the obtained sample clusters could not be safely
assigned to biological species. Therefore, they are termed mo-
lecular operational taxonomic units (MOTUs) (Blaxter, 2004).

Folmer fragment of the cytochrome ¢ oxidase subunit I gene
(COI or coxl) is the most well-known and frequently used
marker sequence for amphipods and many other invertebrates
(Folmer et al., 1994; Hebert et al., 2003). It is important to
note that mitochondrial and nuclear-based phylogenies often

produce conflicting results, which is known as mito-nuclear
discordance (Toews, Brelsford, 2012). In order to draw reliable
conclusions about separated genetic lineages, which would
indicate reproductively isolated species, it is recommended to
also employ nuclear markers. Popular nuclear markers include
rRNA gene clusters as well as whole-genome markers such
as ultraconserved elements (UCEs), restriction site-associated
DNA (RADs), and single-copy orthologs (SCOs) (Eberle et
al., 2020). From this list, SCOs have already been utilized to
study Baikal amphipods (Naumenko et al., 2017; Drozdova
etal.,2021); for other amphipods, RADs have also been used
(Jordan et al., 2020; Weston et al., 2022; Eme et al., 2023).

Population genetic diversity

In total, intraspecies diversity has been studied using different
methods and with varying geographical coverage for over
20 morphological species of Baikal amphipods (Supplemen-
tary Material 1)!. Some of these species showed substantial in-
traspecific diversity (Gomanenko et al., 2005; Daneliya et al.,
2011; Gurkov et al., 2019). It is noteworthy that even species
with comparable distribution and ecological characteristics
can exhibit dramatic differences in the level of intraspecific
diversity (Fig. 1). For example, it was found that the species
Eulimnogammarus verrucosus (Gerstfeldt, 1858), common in
the littoral zone, is actually composed of at least three genetic
lineages, inhabiting the western (up to the source of the Angara

1 Supplementary Materials 1-5 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx13.xIsx
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river), southern and eastern parts of the Baikal shore (W, S,
and E), respectively. Intraspecific pairwise differences in CO/
sequences reached 13 %, which is similar to the distances
between morphological species (Gurkov et al., 2019). The
most recent common ancestor of these lineages, according
to a molecular clock-based estimate, existed around 4.5 mil-
lion years ago (Drozdova et al., 2022). A nuclear marker,
18S rRNA gene fragment, fully corroborated this division
(Gurkov et al., 2019).

Gmelinoides fasciatus (Stebbing, 1899) is another species
common in the shallow water. It is also divided into genetic
lineages correlated with geography, but here the differences
are less pronounced, reaching about 8 % (Gomanenko et al.,
2005), and the last common ancestor existed around 2 million
years ago (Bukin et al., 2018). A nuclear marker, intron of the
ATP synthase 3 subunit gene, showed a lower genetic diversity
but also supported intraspecific differentiation (Kovalenkova,
2018). In contrast, preliminary data on the only pelagic plank-
tonic species of Baikal amphipods, Macrohectopus branickii
(Dybowsky, 1874), based on the fragments of the mitochond-
rial genes COI and NADH dehydrogenase fifth subunit (ND5
or nad5) (Petunina et al., 2023; Zaidykov et al., 2023) did not
reveal geographically separated genetic lineages.

Finally, Eulimnogammarus cyaneus (Dybowsky, 1874),
another widely distributed species inhabiting a significant
part of the Lake Baikal littoral, exhibits very weak genetic
differentiation based on the COI fragment (Gurkov et al.,
2019) but much more pronounced differentiation according
to allozyme data (Mashiko et al., 2000). Furthermore, it is
important to note that the borders between genetic lineages
of E. verrucosus, such as the Angara river outflow, do not
hold for Gm. fasciatus (Fig. 1, 4, B); the geographic barriers
for Gm. fasciatus are unclear. The source of the Angara river
started to form at most 120,000 years ago (Arzhannikov et
al., 2018), thus being much younger that the last common
ancestor of E. verrucosus populations dwelling at different
sides of the outflow (3.81 million years ago) (Drozdova et
al., 2022). The current cryptic diversity within E. verrucosus
and Gm. fasciatus appears to reflect past distribution barriers,
such as dwelling in refugia during non-favorable climatic
conditions (Bukin et al., 2018).

Reproductive barriers and cryptic species

Reproductive isolation is crucial for biologically sensible spe-
cies delimitation. However, this issue has just recently started
to be explored for Baikal amphipods. To date, experimental
checks for reproductive incompatibility have only been carried
out for two widely distributed littoral species, E. verrucosus
and E. cyaneus. Crossing experiments were conducted with
representatives of populations from Listvyanka (W) and Port
Baikal (S) for both species (these populations were chosen
due to the closest geographic proximity of different genetic
lineages), and also from Ust-Bargusin (E) for E. verrucosus.
In the case of E. verrucosus, both prezygotic and postzygotic
reproductive barriers were found. Although these barriers
are not absolute, their combination can ensure reproductive
isolation when different lineages are mixed. In the case of
E. cyaneus, the analysis of representatives of the populations
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separated by the Angara river outflow did not show any prezy-
gotic or postzygotic barriers. Mate choice was random, and
upon crossing, at least the first generation hybrids developed
normally (Drozdova et al., 2022, 2023). Therefore, in the case
of E. verrucosus and E. cyaneus, differences in COI sequences
indeed correlate with the presence of reproductive barriers.
However, it would be premature to establish a general rule for
Baikal amphipods based solely on these findings. It is neces-
sary to conduct such experiments for other genera to draw
comprehensive conclusions. Further research on reproductive
barriers, as well as genomes and gene expression, may aid
in comprehending the factors that contribute to reproductive
incompatibility and thus serve as the genetic basis of spe-
ciation.

The next steps that need to be undertaken are renewal of
the Baikal amphipod taxonomy and species redescription
taking into account biological reality and possible competi-
tion between cryptic species. This necessity is not unique to
Baikal, as cryptic species complexes without formal species
descriptions are also characteristic of many other amphipods,
including popular ecotoxicological models Gammarus fos-
sarum and Hyalella azteca (Jourdan et al., 2023). However,
it underlines the critical importance of always specifying
the particular sampling place for Baikal amphipods in every
publication and identifying the genetic lineage whenever
possible.

What is known about genomes

of Lake Baikal amphipods?

The genetics of Baikal amphipods is a relatively under-
studied area, with most of the research focusing on individual
genetic markers. Nuclear genome sizes have been estimated
using cytogenetic methods such as Feulgen image analysis
densitometry (FIAD) and flow cytometry (FCM) for 36 mor-
phological species (Jeffery et al., 2017; Drozdova et al.,
2022). Karyotypes have been studied for 35 morphological
species (Salemaa, Kamaltynov, 1994; Kamaltynov, 2001; Na-
tyaganova, Sitnikova, 2012; Barabanova et al., 2019) (Sup-
plementary Material 2). Transcriptome sequencing data are
available for over 60 morphological species (Naumenko et al.,
2017; Drozdova et al., 2022), enabling the extraction of most
protein-coding gene sequences, as well as partial or complete
mitochondrial genomes. These transcriptome assemblies are
particularly valuable for proteomic studies (Bedulina et al.,
2021; Zolotovskaya et al., 2021). Genome DNA sequenc-
ing data are available for seven species, which enabled the
assembly of mitochondrial genomes and can be used to eva-
luate the diversity of repeated sequences in nuclear genomes
(Rivarola-Duarte et al., 2014; Romanova et al., 2016a, 2021;
Rivarola-Duarte, 2021; Yuxiang et al., 2023) (Supplementary
Material 3).

Genome size variation and its possible causes

The genome sizes of the studied Baikal amphipods varied
from 2 to 17 pg (1 pg is approximately 1 Gb) (Jeffery et al.,
2017) (Fig. 2), which falls within the known range of am-
phipod genome sizes (Hultgren et al., 2018). For up-to-date
information on accumulated data one can refer to the Animal
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Fig. 2. Nuclear genome sizes of Baikal amphipods, as estimated with FIAD (Jeffery et al., 2017), and their chromosome numbers (Salemaa, Kamaltynov,

1994; Kamaltynov, 2001; Natyaganova, Sitnikova, 2012).

Please refer to Supplementary Material 2 for full data set. Species names are given according to (Jeffery et al., 2017). The photographs show Baikalogammarus
pullus (Dybowsky, 1874), which has the smallest genome and small body length, and dwells in the littoral and sublittoral zones, and Brachyuropus grewingkii
(Dybowsky, 1874), which is a deep-water species and one of the largest. The ecological characteristics of these species are given according to (Kamaltynov, 2001).

The photo of B. grewingkii was generously provided by Ekaterina Shchapova.

Genome Size Database (http://www.genomesize.com/) (Gre-
gory et al., 2007).

When comparing data obtained using different methods, it is
worth keeping in mind that crustacean genome size estimates
obtained with FIAD are typically slightly lower than those
obtained with FCM (Wyngaard et al., 2022). Notably, genome
size differences accumulate quite rapidly, as evidenced by the
differing genome sizes of E. verrucosus lineages (6.1 pg for
the E, 6.9 pg for the W, and 8.0 pg for the S lineage) (Drozdova
etal., 2022). The analysis of genome sizes in different species
showed a weak positive correlation with both maximal body
length and habitat depths, which corresponds to the known
ecological trends (Jeffery et al., 2017). However, chromosome
numbers were found to be identical (2n = 52) for 33 out of
35 studied species (Salemaa, Kamaltynov, 1994; Kamaltynov,
2001; Natyaganova, Sitnikova, 2012) (Fig. 2), which cor-
responds to the modal chromosome number for gammaroid
amphipods (Coleman, 1994). The lack of correlation between
chromosome numbers and genome sizes suggests that repeated

sequences significantly contribute to this variation. Analysis
of the diversity of repeated sequences revealed significant
differences between species of Baikal amphipods (Yuxiang
et al., 2023). In all studied species, the proportion of reads
included in repeat clusters exceeded 50 % (Rivarola-Duarte
et al., 2014; Yuxiang et al., 2023).

Mitochondrial genomes
The mitochondrial genome is the most extensively studied part
of the genome in Baikal amphipods. It is a small, high-copy
DNA molecule, and its sequence is generally easy to assemble
from low-coverage genome-wide sequencing (Smith, 2016).
Animal mitochondrial genomes are typically circular with a
length of about 16 kb and contain 13 protein-coding genes,
2 rRNA genes and 22 tRNA genes. However, significant dif-
ferences in genome architecture, size, and composition are
known (Lavrov, Pett, 2016).

At the moment, eight complete and six partial mitochond-
rial genomes have been published for Baikal amphipods
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(Rivarola-Duarte et al., 2014; Romanova et al., 2016a—c,
2021; Mamos et al., 2021) (Supplementary Material 4). Most
of these assemblies are within 15-18 kb in length, but the
mitochondrial genome of M. branickii is over 42 kb-long,
making it one of the largest known animal mitochondrial ge-
nomes (Romanova et al., 2021). Furthermore, mitochondrial
genomes of some Baikal amphipods exhibit gene order rear-
rangements, gene duplications and the phenomenon of tRNA
gene remolding, i.e. changes in tRNA specificity due to a
mutation in the anticodon sequence. Remolding is not unique
for Baikal amphipods but occurs with higher frequency than
in other amphipods (Romanova et al., 2020).

Perspectives in whole-genome studies

The next important step in the development of genome-wide
studies of Baikal amphipods should be the assembly of whole
nuclear genomes for a number of species. For the world am-
phipod fauna, seven genome assemblies are mentioned in the
literature (Supplementary Material 5). Four of them (H. az-
teca, Trinorchestia longiramus, Platorchestia hallaensis, and
Parhyale hawaensis) belong to the infraorder Talitrida (Kao
et al., 2016; Poynton et al., 2018; Patra et al., 2020, 2021).
Three species belong to the infraorder Gammarida (Gammarus
lacustris, G. roeselii, and E. verrucosus). One of these species,
E. verrucosus, inhabits Baikal (Jin et al., 2019; Cormier et al.,
2021; Rivarola-Duarte, 2021). The genomes of gammarids
are the largest within this list. Not surprisingly, creation of
a high-quality assembly of these genomes is complicated
and currently at the draft stage, with N50 of all assemblies
being below 5 kb, and only the genome of G. roeselii being
publicly available.

The development of third-generation genome sequenc-
ing techniques provides hope that technical difficulties in
assembly of complex gammarid genomes can be overcome.
For example, the assembly of the Antarctic krill, Euphausia
superba, genome, which with 48 Gb is the largest assembled
animal genome to date, demonstrates the potential of this
technology (Shao et al., 2023). High-quality genome as-
semblies will greatly enhance the research on the adaptation
mechanisms of endemic amphipods to various conditions in
Lake Baikal and tracing their evolutionary history. This will
be due to a wider range of possibilities for retrieving full gene
sets (which is impossible with the current transcriptomic data)
and regulatory elements, as well as new data on population
history (Bourgeois, Warren, 2021) and higher resolution for
phylogenetic analysis.
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Abstract. Frank-Ter Haar syndrome (FTHS) is a rare genetic hereditary autosomal recessive disorder characterized
by defective malformation of cardiovascular, craniofacial, and skeletal system. Mutations in the SH3PXD2B gene are
a common cause in the development of FTHS. We recruited a family with two affected individuals (3-year-old female
and 2-month-old male infant) having bilateral clubfoot. Family pedigree shows an autosomal recessive mode of in-
heritance. DNA was extracted from the blood samples of six members of the family. Whole exome sequencing was
done for the two affected individuals and the variant was validated in the whole family by using Sanger sequencing
approach. Whole exome sequencing (WES) data analysis identified a rare homozygous variant (c.280C>G; p.R94G) in
the SH3PXD2B gene, and Sanger sequencing showed that the same variant perfectly segregates with the phenotype
in the pedigree. Moreover, the variant is predicted to be damaging and deleterious by several computation tools. Re-
visiting the family members for detailed clinical analysis, we diagnosed the patients as having the typical phenotype
of FTHS. This study enabled us to correctly diagnose the cases of FTHS in a family initially recruited for having bilateral
clubfoot by using WES. Moreover, this study identified a novel homozygous missense variant (c.280C>G; p.R94G) in
(NM_001308175.2) the SH3PXD2B gene as a causative variant for autosomal recessive FTHS. This finding supports the
evidence that homozygous mutations in the SH3PXD2B gene are the main cause in the development of FTHS.
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ITo/IHOEe CeKBEHIIPOBaHIe 3K30Ma IMO3BOJINJIO 0e30I1IO60UYHO
OarHOCTMPOBaTh CMHAPOM dpaHKa—Tep Xaapa
B OJTHOII 113 cayJoapaBUICKNX ceMeil
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AHHoTauuA. CuHpgpom OpaHka-Tep Xaapa (Frank-Ter Haar syndrome, FTHS) — peakoe reHeTnyeckoe 3aboneBaHue
C ayTOCOMHO-PeLLecCMBHbBIM TUMOM Hac/leJoBaHNA, XapakTepu3yloLleecs aHOManuAaMN Pa3BUTUA CepaeyHO-COCYAn-
CTOW CUCTeMbl, KOCTel NMLEBOro Yyepena 1 ckeneta. Hanbonee pacnpocTpaHeHHON NPUYMHON Pa3BUTUA AAaHHOTO
CMHAPOMA ABNAIOTCA MyTauuu B reHe SH3PXD2B. ina nccnepoBaHma 6bina BblbpaHa cembaA, B KOTOPOW [iBoe AeTen
(TpexneTHAA AeBOYKa U ABYXMECAYHbIN ManbyvK) CTpafanu BYCTOPOHHEN KOConanocTbio. B cemeliHon pogocnios-
HOW YKa3blBasiCs ayTOCOMHO-PELIECCHBHDBIN TN HacnefoBaHUA. V3 KpOBY LIECTV YIEHOB CeMbl Mbl BbIAenuam o6-
pasubl AHK. Ana ynomaHyTbIx ABOVX AeTel 6blf10 NPOBEAEHO NOMHOE CEKBEHMPOBAHME 3K30Ma, a CEKBEHMPOBAHMEM
no CaHrepy NoATBep»KAeHO HannyMe MyTaHTHOTrO BapuaHTa y BCEX UNleHOB ceMbl. 10 pe3ynbTaTtam aHanm3a faHHbIX
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lNonHoe cekBeHVPOBaHMe 3K30Ma NMO3BOIO ANArHOCTMPOBATb
cuHapom OpaHka-Tep Xaapa B cayfoapaBuiickomn cembe

NMOSIHO3K30MHOTO cekBeHrpoBaHua (WES) Gbina BbifBNeHa pefkas roMo3uroTHas MyTauusa (c.280C>G; p.R94G) B
reHe SH3PXD2B. CekBeHunpoBaHue no CaHrepy nokasasno, YTo 3Ta MyTauma ugeanbHO cerpernpyer C yKasaHHbIM de-
HOTUMOM B POAOCNIOBHON. bonee Toro, Npu MCNonb3oBaHNM PAAa UHCTPYMEHTaJIbHbIX CPefCTB NOnyYeHbl JaHHble,
npeAckasbiBatoLe BpeAHOCTb M OMACHOCTb 3TON MyTauuu. [1pyn NOBTOPHOM MOCELLEHNN YNIEHOB CeMbM C LieNblo
NpoBefEeHNA Pa3BEPHYTOrO KIMHNYECKOTO aHanun3a 6bis10 YyCTaHOBNEHO, YTO GEHOTUM ABOVIX AeTel, CTpafaBLUnX ABY-
CTOPOHHEN KOCOManocTblo, XapakTepeH A 605bHbIX ¢ cuHApoMom FTHS. Takum o6pasom, nccnefosaHme nossonu-
no 6e30wnboyHO AnarHocTposaTb cMHAPOM FTHS B ceMbe, nepBoHayYanbHO BbIGPAHHOW B CBA3W C ABYCTOPOHHEN
KOCONanocTbio y ee uneHos, ¢ nomouybto WES. bonee Toro, Hale nccnegoBaHme nokasasno, YTo NPUYMHON Pa3BUTUA
cmHapoma FTHS ¢ ayTocoOMHO-peLieccBHBIM TMOM Hacle4oBaHNA Obifia BHOBb BblABEHHAA FOMO3UIOTHaA MUCCEHC-
myTaumsa (c.280C>G; p.R94G) B reHe (NM_001308175.2) SH3PXD2B. 3TO Cly»KUT [ONONHUTENbHBIM NOATBEPXKAEHNEM
CYLLECTBYIOLMX AAHHBIX O TOM, YTO FOMO3MIOTHblEe MyTauuun B reHe SH3PXD2B ABNATCA OCHOBHOW MPUYMHON pas-

BUTUA cuHppoma FTHS.

KnioueBble cnoBa: cekBeHMpPOBaHMe 3K30Ma; MyTauus; reH SH3PXD2B; cuippom OpaHka-Tep Xaapa.

Introduction

Frank—Ter Haar syndrome (FTHS) is a rare genetic heredi-
tary autosomal recessive disorder characterized by cranial
deformities like wide fontanelle and enlarged forehead, fa-
cial deformities such as small chin and full cheeks, ocular
anomalies, namely exophthalmos, enlarged cornea with or
without glaucoma and hypertelorism, protruded ear auricles,
cardiovascular and skeletal deformities including a long
coccyx bone with an overlying skin fold (Mass et al., 2004).
Clinical features and genetic relations of the syndrome were
first described by Frank et al. in a Dutch family in 1973 (Frank
et al., 1973). Nine years later, Ter Haar et al. confirmed that
the phenotype is inherited in an autosomal recessive manner
(ter Har et al., 1982). Hence the name of the phenotype —
Frank—Ter Haar syndrome.

Genetic studies suggested that mutation in the SH3PXD2B
gene is a common cause in the development of FTHS. A study
on 13 homozygously affected families mapped out and re-
vealed gour different intronic mutations with two complete
deletions in the SH3PXD2B gene (Igbal etal., 2010; Massadeh
et al., 2022). A knock out study showed that a deficient pro-
tein TKS4 encoded by the SH3PXD2B gene presents similar
morphological features such as craniofacial, musculoskeletal,
cardiovascular, and ocular anomalies (Igbal et al., 2010).
A literature review by Durand B. et al. in 2020 showed that
40 patients manifesting clinical features similar to FTHS have
been reported worldwide, half of them were carrying muta-
tions in SH3PXD2B (Durand et al., 2020).

Whole exome sequencing (WES) has revolutionized the
modern era of clinical diagnosis, especially the diseases with
variable phenotypic presentations and of multiorgan involve-
ment. Whole exome sequencing allows the diagnosis of mo-
nogenic diseases and is recommended by the American College
of Medical Genetics and Genomics (ACMG) as a first-line
testing option to detect mutations causing genetic disorders
presenting one or more congenital abnormalities and develop-
ment delays, also ascertaining potential risks in individuals
prior to disease manifestation, thereby avoiding unnecessary
diagnostic tests (Manickam et al., 2021). One study accurately
established the clinical diagnosis of Cohen syndrome when
genomic analysis on DNA samples of affected and unaffected
individuals was performed; otherwise, the diagnosis would
have been impossible to make because of the different clini-
cal presentations of the same disease in the affected family
members (Hashmi et al., 2020). Garcia-Aznar et al. reported
a female patient having features suggestive of Soto syndrome

and initial genetic analysis did not reveal a mutation in the
pathogenic gene but whole exome sequencing of all the genes
showed a frameshift variant in the AMERI gene causing the
phenotype of osteopathia striata with cranial sclerosis, which
was later confirmed upon doing retrospective clinical and in-
strumental examination (Garcia-Aznar et al., 2021). Hence, the
role of the whole exome sequencing is crucially important in
diseases with non-specific clinical presentations. Furthermore,
exome sequencing carries a positive impact on management of
the affected individuals and genetic counseling of their family
members. A case report of a patient with severe transfusion-
dependent anemia that was clinically diagnosed as Diamond-—
Blackfan anemia (DBA), but WES analysis finally revealed
the condition as a variant of hereditary hemolytic anemia.
Thus, the child was successfully managed with splenectomy,
which ultimately reduced his blood transfusion dependency
(Khurana et al., 2018).

Here we report a family of 6 members, where two children
having bilateral clubfoot were studied to identify the genetic
defects underlying the clubfoot phenotype. WES identified
a pathogenic variant in the SH3PXD2B gene. Clinical re-
examination revealed additional morphological features in
the patients, establishing the diagnosis as FTHS.

Methods

A single four-generation family with 2 affected individuals
was phenotypically and genetically analyzed. The family
pedigree shown in the Figure was drawn to assess the pattern
of inheritance of this disorder. Ethical review committee date
20-09-2020 Study ID: 036-1441 of the Taibah University,
Medina, Kingdom of Saudi Arabia approved the research
study. Parents of the affected individuals signed the written
informed consent after understanding the aims of the study,
which were explained in their local (Arabic) language.

Genomic study (DNA extraction). Blood samples were
collected from the parents (III:1 and III:2), two unaffected
healthy sibs (IV:1 and IV:2) and two affected individuals (IV:3
and IV:4) (see the Figure). Genomic DNA was extracted by
using the QIAmp DNA micro kit (Hilden, Germany). DNA
quantity and quality was assessed by using a Nano Drop TM
spectrophotometer.

Next Generation Sequencing (NGS) methods. After con-
firming the standard DNA quality and quantity, whole exome
sequencing was performed on the affected individuals (IV:3
and 1V:4) using the Illumina HiSeq 2500 platform (Illumina,
San Diego, CA, USA). The SureSelect Target Enrichment
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1: 1 1:2

S

IV:1 IV: 2 IV:3 IV: 4

Family pedigree shows consanguinity, carriers, and affected individuals.
The pedigree depicts an autosomal recessive mode of inheritance for this
variant mutation. The female and male individuals are represented with
circle and square symbols respectively. Filled symbols signify homozy-
gous individuals for the missense variant (c.280C>G) in SH3PXD2B.

Kit v6 was used to prepare the libraries as elaborated in earlier
studies (Rafiullah et al., 2022; Ullah et al., 2022). Sequencing
data coverage was 30x and sequencing data depth was 100x.
Standard filtration steps were followed to analyze VCF (va-
riant calling files) of the two affected individuals, which were
uploaded by using the online Illumina Base Space analysis
tool (https://basespace.illumina.com). As shown in the fami-
ly pedigree (see the Figure), due to an autosomal recessive
pattern of inheritance with consanguineous marriage in the
family, only two affected individuals having homozygous and
heterozygous variants were filtered for the analysis.

Sanger sequencing for validation and segregation analy-
sis. Variant-specific primers were designed for the prioritized
variant after exome filtration. Ensembl genome browser
(https://m.ensembl.org) was used to download the exonic se-
quence for the specific gene. Primer 3 software (http://primer3.
ut.ee) was used to design the specific primers for identified
variants with 30x sequencing data coverage and 100x se-
quencing data depth. Purification of PCR-amplified DNA was
achieved using the Marligen Biosciences kits (Ijamsville, MD,
USA). Sanger sequencing was performed using the BigDye
sequencing kit (Applied Biosystems, USA) as described ear-
lier (Allugmani, Basit, 2022; [jaz et al., 2022). Alignment of
the Sanger sequencing reads with reference sequences were
obtained using BIOEDIT to confirm variant identity.

In silico tools were used to calculate pathogenicity
scores. Various in silico tools were used to calculate the
pathogenicity scores including meta scores as well as indi-
vidual scores of the variant by using BayesDel addAF (https://
fengbj-laboratory.org/BayesDel/BayesDel.html), MetaLR
(https://www.ensembl.org/info/genome/variation/prediction/
protein_function.html), MetaSVM (http://cancergenome.nih.
gov), and REVEL (https://blog.goldenhelix.com/annotate-
your-varseq-projects-with-revel/engines). Moreover CADD,
(https://asia.ensembl.org/info/genome/variation/prediction/
protein_function.html#CADD), DANN, FATHMM, LRT,

Whole exome sequencing enables the correct diagnosis
of Frank-Ter Haar syndrome in a Saudi family

Mutation assessor (http://fathmm.biocompute.org.uk/),
MutationTaster (https://www.mutationtaster.org/), MutPred
(http://mutpred.mutdb.org/), PolyPhen2 (http://genetics.bwh.
Haarvard.edu/pph2/), PROVEAN (https://www.jcvi.org/
research/provean), and SIFT (https://www.merriam-webster.
com/dictionary/sift) engines were also used to calculate indi-
vidual pathogenicity scores.

Results

Both affected individuals were referred to specialists in mul-
tiple disciplines such as pediatrician, cardiologist, ophthal-
mologist, orthopedic surgeon, pediatric neurologist and finally
referred to a specialist in clinical genetics at the Maternity
and Children Hospital, Al Madinah Al Munawara for further
evaluation and care. Details of the clinical presentation of
both cases (IV:3, IV:4) as documented by the specialists of
different clinical departments at the Maternity and Children
Hospital Al Madina Al Munawara are mentioned in Table 1.

Potentially pathogenic missense mutation in SH3PXD2B

in both patients

Sequencing reads were aligned to the reference genome and
variants were annotated and prioritized based on the phenotype
of the patients (IV:3 and IV:4). WES data failed to identify any
pathogenic variant in the genes associated with clubfoot. All
variants in the WES data were annotated, filtered, and priori-
tized for rare (minor allele frequency less than 0.001), homo-
zygous or heterozygous, shared (common to both affected in-
dividuals) and potentially pathogenic variants (based on SIFT
and PolyPhen2 scores). Variants in OBSL! (NM_015311.3;
¢.4989+5G>A), SH3PXD2B (NM_001308175.2; ¢.280C>G;
p.-R94G), and MAN2BI (NM_000528.4; ¢.2402dupG;
p-S802fs*129) were initially prioritized.

Sanger sequencing validated

and confirmed the autosomal recessive inheritance

of the SH3PXD2B variant in the family

Primers were designed for all three variants that were am-
plified by polymerase chain reaction (PCR) in all available
members II1:1, II1:2, IV:1, IV:2, IV:3, IV:4 of the family. Va-
riants in OBSLI (c.4989+5G>A) and MAN2B1 (¢.2402dupG)
were found not to segregate in the family, therefore, they were
not considered for further analysis. A variant in SH3PXD2B
(c.280C>Q) perfectly segregates with the phenotype in the
pedigree. Both parents and unaffected individuals are found to
be heterozygous for the variant and both affected individuals
are homozygous for it. Therefore, a rare (0 % gnomAD fre-
quency) homozygous missense variant (c.280C>G; p.R94G)
inthe SH3PXD2B (NM_001308175.2) gene was considered as
the most plausible candidate variant for the disease phenotype
in this family. The variant is present in the exome data of both
affected individuals (IV:3 and IV:4).

In silico analysis predicted the variant (c.280C>G)

in SH3PXD2B to be potentially pathogenic

Most of the in silico engines including CADD, DANN,
FATHMM, LRT, Mutation assessor, MutationTaster, MutPred,
PolyPhen2, PROVEAN, and SIFT predicted the variant to be
disease causing, damaging or pathogenic. Table 2 shows the
score and prediction obtained after analyzing the variant with
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Table 1. Comparison of the clinical manifestations of Frank-Ter Haar syndrome
in family studies by Igbal et al., 2010, and by Durand et al., 2020
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Clinical manifestations of confirmed cases

of Frank-Ter Haar syndrome having SH3PXD2B mutations

Family

Gender
Consanguinity

Vision, adaptation, learning
Hearing, communication, learning difficulty
Motor developmental abnormality

Large open anterior fontanelle
Protruding forehead

Increased intracranial pressure
Bilateral coronal craniosynostosis
Bilateral sagittal craniosynostosis
Orbital hypertelorism

Unturned nostrils

Puffy cheeks

Long philtrum

Thin upper lip

Macro stomia

Microgenia

Gingival hyperplasia
Micrognathia

Otapostasis

Broad alveolar ridges

Eyes protrusion

Macro cornea

Bilateral buphthalmias

Congenital raised intraocular pressure/Glaucoma

Cardiomegaly

Arterial septal defect

Patent ductus arteriosus

Ventricular septal defect

Aortic regurgitation/prolapse

Double right outlet (Pulmonary trunk)
Mitral valves prolapse/regurgitation
Tricuspid valves prolapse/regurgitation

Talipes Equiano Varus (clubfoot)

Feet size discrepancy

Congenital hand deformities
I) contractures flexion/extension deformity
1) brachydactyl, shorthand, digits deformity

Bowing of the long bones

Kyphosis

Prominent coccyx

Pectus excavatum

Subcutaneous nodules

Igbal et al., 2010

13 families

3F10M
12/13
Cognitive disabilities
NA
NA
NA
Craniofacial
12/13
13/13
12/13
NA
12/13
12/12
6/9
13/13
NA
NA
13/13
10/13
NA
10/13
8/10
6/11
Ophthalmic
NA
9/12
NA
NA
Cardiology
NA
NA
2/3
5/10
3/9
NA
6/9
1/9
Musculo-skeletal
7/11
11/13
13/13
4/13
13/13
7/10
6/11
9/13
NA
12/13

Durand et al.,, 2020

21 families

8F, 13M
05/14

4/8
4/8
9/18

17/18
21/21
NA
8/18
NA
21/21
14/20
21/21
13/17
8/15
18/18
16/19
11/11
16/19
13/15
7/9

18/18
14/18
8/14
6/18

NA
1/18
NA
8/18
2/17
NA
7/17
2/18

11/19
NA
20/20
14/21
14/21
11/15
13/18
14/18
5/18

NA

Present study, 2023

1 family
Case IV:3
F

Yes

Yes
Yes
Yes

Yes
Yes
Yes
NA
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA
Yes
Yes
Yes

Yes
Yes
NA
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Case IV:4
M
Yes

Yes
Yes
Yes

Yes
Yes
Yes
NA
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA
Yes
Yes
Yes

Yes
Yes
NA
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA

Note. /-, Number of families positive for mentioned clinical features/total number of families studied. “Yes” is for patients having the mentioned clinical
features and “NA” indicates the not available or absence of the clinical features.
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Table 2. In silico analytical prediction
of the potential pathogenicity
of the missense variant (c.280C>G) in SH3PXD2B

Tools Prediction Score
REVEL Damaging 0.877
MetalR Pathogenic 0.8334
SIFT Damaging 0.00
CADD Deleterious

PolyPhen2 Probably damaging 0.010
Conservation GERP Highly conserved 5.480
GenoCanyon Deleterious 1.000
fitCons Deleterious 0.730
Aggregated Deleterious 0.870
Mutation assessor Pathogenic 3.700
PhastCons100way Highly conserved 1.000
PhyloP100way Conserved 6.369
MutPred Pathogenic 0.786
MutationTaster Disease-causing 0.9999
PROVEAN Damaging -5.820

various in silico software. A very low frequency in gnomAD
(PM2) and support from multiple lines of computational evi-
dence (PolyPhen2, SIFT, CADD) (PP3), as well as segregation
of the variant with the disease phenotype in the family support
the hypothesis that this variant is an underlying cause of the
phenotype in our case.

Discussion

Congenital inherited disorders such as FTHS have broad over-
lapping clinical presentations that often make them difficult
and unlikely to be diagnosed. Biochemical laboratory tests
do not even show any evidential clues for these disorders and
the genes are only investigated for research purposes. Next-
generation technologies such as whole exome sequencing are
considerably affordable, and a preferable testing platform in
situations where two or more than two affected individuals
are found in a consanguineous marriage family (Allugmani,
Basit, 2022).

In this study, a consanguineous marriage family from Saudi
Arabia having two affected individuals was investigated both
clinically and genetically. The family was referred to the
Center for Genetics and Inherited Diseases, Taibah University
for the genetic diagnosis of clubfoot. Family members were
registered, and WES was performed. Initially, genes associated
with clubfoot (PITX1, TBX4, HOXA9, HOXD10, HOXD]2,
HOXD13, HOXA9, TPM1, TPM2, COL9A41, FLNB, CASPS,
CASPI10, UTX, CHDI, RIPPLY2, CAND2, WNT7) were
screened for potential variants. However, WES data analysis
failed to detect any potential pathogenic variant in clubfoot-
associated genes. Therefore, an unbiased and hypothesis-free
approach was used to analyze WES data to filter and prioritize
variants of interest. A potentially pathogenic variant in the
SH3PXD2B gene was identified. Patients were recalled by the
physician, and they were thoroughly re-examined. Clinical re-
view of the affected individuals showed additional features of
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musculoskeletal deformity, cardiac, ophthalmic, craniofacial
disorders, and cognitive disabilities. These clinical features
helped us to classify our cases as FTHS (Igbal et al., 2010). In
this family, the affected individuals were also found to have
cardiomegaly and a double pulmonary trunk, which were not
reported previously. While gingival hyperplasia, buphthalmia,
and subcutaneous nodules are the features commonly reported
in such cases in the literature, these are not seen in our cases
(Durand et al., 2020).

FTHS is primarily caused by mutation in the SH3PXD2B
gene. This gene, located on 5q35.1 chromosome, encodes
a 911-amino-acid protein, which has a phox homology (PX)
domain, known as Tks4 (tyrosine kinase substrate with four
SH3 domains) (Igbal et al., 2010). This protein is involved
in the formation of actin-rich membrane protrusions called
podosomes, which coordinate pericellular proteolysis with cell
migration and regulate proliferation, growth, and differentia-
tion in the cells with extracellular matrix remodeling (Gimona
et al., 2008). The gene mutation leads to the absence of Tks4
and thus embryonic fibroblasts decrease the formation of
mature and functional podosomes; hence, they fail to degrade
the extracellular matrix (Saeed et al., 2011). Filamin A protein
is present in the podosome belt, and it needs to be cleaved by
calpain for maintaining osteoclast motility during bone deve-
lopment (Marzia et al., 2006). Filamin A is also required for
podosome rosette formation, proteolysis of the extracellular
matrix mediated by podosomes in macrophages, and three-
dimensional mesenchymal cells build up, so mutation in the
genes encoding for actin-rich membrane structures causes
serious congenital anomalies of the heart, skeleton, and cra-
niofacial region (Cejudo-Martin, Courtneidge, 2011). Newly
published knockout studies proved that TKS4, once lost, can
adversely affect the differentiation of different cell lineages
and maturation processes, thus leading to the development of
FTHS (Léaszlo et al., 2022).

Hence, the ambiguous clinical presentation of FTHS is
commonly seen due to overlapping features as the defect
occurs during the differentiation of primordial germ layer
development, which influences multiple organs and systems
of the organism. Therefore, clinical use of genetic testing like
WES is essential when a clinician encounters a case show-
ing unclear clinical and/or laboratory presentation (Sharma,
Nalepa, 2016).

Whole exome sequencing has played an important role in
diagnosis of other diseases as well. A consanguineous Saudi
family having five individuals with steroid resistant Nephrotic
syndrome were examined by WES which identified a homo-
zygous novel insertion mutation (c.6272 6273insT) in the
PLCE] gene (Hashmi et al., 2018). WES is also considered a
useful time-saving practical diagnostic tool in the evaluation
of patients with rare and complex hereditary disorders like
episodic ataxia type 1. This diagnostic approach can hasten
early therapeutic intervention strategies and directly affect
patient care (Tacik et al., 2015).

Conclusion

This study provides us with further evidence for the impor-
tance of validation of genetic variants involved in the deve-
lopment of the FTHS with the use of WES. Here we reported
that the homozygous missense variant (c.280C>G; p.R94G)
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in the SH3PXD2B (NM_001308175.2) gene can be con-
sidered as the candidate variant resulting in autosomal reces-
sive FTHS. This study covers the SH3PXD2B gene mutation
spectrum, which might further reflect on the importance of
properly correlating genotypes with phenotypes and provides
support to the importance of genetic testing and analysis of
the SH3PXD2B gene in the Kingdom of Saudi Arabia and
probably certain other locations. This will also be beneficial
in marriage counseling and planning of future pregnancies
among FTHS carrier families.
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Abstract. One of the primary theories regarding the development of schizophrenia revolves around genetics, in-
dicating the involvement of hereditary factors in various processes, including inflammation. Research has demon-
strated that inflammatory reactions occurring in microglia can impact the progression of the disease. It has also
been established that genetically determined changes in IL-1 can contribute to schizophrenia, thereby confirming
the role of the IL-1 gene cluster in disease susceptibility. The aim of this study is a computer-based assessment of
the structural interactions of IL-1 proteins with their receptors in schizophrenia. The study utilized the DisGeNET
database, enabling the assessment of the reliability of identified IL-1 polymorphisms. Polymorphisms were also
sought using NCBI PubMed. The NCBI Protein service was employed to search for and analyze the position of the
identified polymorphisms on the chromosome. Structures for modeling were extracted from the Protein Data Bank
database. Protein modeling was conducted using the SWISS-MODEL server, and protein interaction modeling was
performed using PRISM. Notably, this study represents the first prediction of the interactions of IL-1q, IL-1(, and
IL-1RA proteins, taking into account the presence of single-nucleotide polymorphisms associated with schizophre-
nia in the sequence of the corresponding genes. The results indicate that the presence of SNP rs315952 in the
IL-1RA protein gene, associated with schizophrenia, may lead to a weakening of the IL-1RA binding to receptors,
potentially triggering the initiation of the IL-1 signaling pathway by disrupting or weakening the IL-1RA binding
to receptors and facilitating the binding of IL-1 to them. Such alterations could potentially lead to a change in the
immune response. The data obtained contribute theoretically to the development of ideas about the molecular
mechanisms through which hereditary factors in schizophrenia influence the interactions of proteins of the IL-1
family, which play an important role in the processes of the immune system.
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KoMIibIOTEpHOE MOJeIpOBaHe OCOOEeHHOCTE
B3aumMomeiicTeuii IL-1 ¢ ero pelentopaMu rmpu mmn3o@peHnn

H.IO. YacoBckux @, A.A. Bobpsruesa, E.E. Ymkuk

CnBMPCKIIA roCyAaPCTBEHHbIN MEAVNLIMHCKNI YHUBepCUTET MUHUCTEpCTBA 3ApaBooxpaHeHns Poccuiickon Gepepaumu, Tomek, Poccna
@ nch03@mail.ru

AHHoTaumA. OQHON N3 OCHOBHbIX TEOPUIA Pa3BUTUA WN30PPEHUN ABNIAETCA reHeTnYecKas, CBUAETeNbCTBYOWan
0 BOBJIeYEHMM HaCIeACTBEHHbIX GaKTOPOB B Pa3/iMyHble NPOLeCcchl, B TOM Ymcne BocnaneHuve. lokasaHo, 4To Boc-
nanuTenbHble peakunu, MpoTeKaloLne B MUKPOIIUY, MOTYT BANATL Ha pa3BuUTUe 3aboneBaHms. Takxe ycTaHoBe-
HO, UTO reHeTUYecKy 06yCNoB/IeHHble N3MeHeHNUA IL-1 MoryT cnoco6cTBoBaTh WK3odpeHnn, NoaTeepxaasa posib
KnacTepa reHoB IL-1 B BOCnpunmurBocTu K 6one3HaAM. Lienbio paboTbl 6bi1a KOMMbOTEPHAA OLEHKa CTPYKTYPHbIX
B3ammogencTeuin 6enkos IL-1 ¢ nx peuentopamu npu wmnsoppeHnmn. Mcnonb3osanacb 6a3a aaHHbIx DisGeNET,
No3BOJIAIOLLAA OLEHUTb JOCTOBEPHOCTb BbIABIEHHbIX NONMMopdr3mos IL-1. MpoBeaeH nonck NoaMmopPepr3mos c
nomotybto NCBI PubMed. Cepsrc NCBI Protein ncnonb3oBanca gia noucka 1 aHanvsa nosioXXeHra Ha XpoMocome
HafeHHbIX nonumopdusmMos. /13 6a3bl gaHHbIX Protein Data Bank 6b11u n3BneyeHbl CTPYKTYpbl Ans NpoBeAeH A
mopenvpoBaHua. MogennpoBaHue 6enKOB BbINMOMHANOCH C NomMolbto cepBepa SWISS-MODEL, a mogenvpoBaHue
6enKOoBbIX B3aMMOZENCTBUI — ¢ nomoLlbto PRISM. B HacTosALleM nccnefoBaHuy BriepBble NpoBeAeHO NPOorHosu-
poBaHue B3ammognencTanin 6enkos IL-1a, IL-13 1 IL-1RA ¢ yueTom Hanmuus B NocnefoBaTeNbHOCTV COOTBETCTBYO-
LNX FeHOB OJHOHYK/IEOTUAHBIX NONUMOPPM3MOB, aCCOLMMPOBAHHbIX C WN3odpeHmnen. [oKaszaHo, YTo Hannune
ACCoLUMPOBAHHOTO C Wn3odpeHrel nonumopdrama rs315952 reHa 6enka IL-1RA MoXeT NprBECTY K 0CNlabneHunto
cBA3u IL-1RA ¢ peuentopamu 1, NpeanonoXnTenbHO, K 3anycKy CUrHanbHoro nyTu IL-1 nyTem paspbiBa nnbo ocnab-
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KomnbloTepHOe moaenupoBaHme ocobeHHoCTel
B3aumopenctamii IL-1 ¢ ero peyentopamu npu WnsodpeHnn

nexus cBasm IL-1RA ¢ peuentopamu u cBA3biBaHUEM IL-1 € HUMU, UTO, BO3MOXHO, BbI3OBET U3MEHEHWE VIMMYHHOTO
otBeTa. [MonyyeHHble faHHble BHOCAT TEOPETUUYECKUI BKNAZ B Pa3BUTUE NPEACTABAEHUI O MONEKYNIAPHbIX Mexa-
HM3Max BAUAHMWA HACNeACTBEHHbIX GAKTOPOB WN30odpeHnn Ha B3armopencTeusa 6enkos cemeinctsa IL-1, nrpato-

LLNX Ba*KHYIO pOJb B npoueccax I/IMMyHHOIZ CcncTembl.

KnioueBble cnosa: IL-1; wnsodpeHus; mogennposaHue; SNP; ogHoHykneotugHble nonnmopdusmol; PRISM.

Introduction

The investigation of the causes of multifactorial diseases,
characterized by complex inheritance and associated with
the action of multiple genes (Bochkov, 2011), is a current
challenge in contemporary medical biological science. When
studying such diseases, special attention is given to their
potential associations with single nucleotide polymorphisms
(SNPs), as well as the involvement of the corresponding genes
in the implementation of molecular mechanisms underlying
pathologies.

Currently, a pressing issue is the exploration of the mecha-
nisms underlying the development of such a prevalent disorder
as schizophrenia. This condition has several etiopathogenetic
concepts, with one of the main theories being genetic. It sug-
gests the involvement of genetic factors in various physiologi-
cal processes of the body, including inflammatory processes.
The activation of the inflammatory response system, asso-
ciated with the pathophysiology of schizophrenia, has been
demonstrated in numerous studies (Xu, He, 2010; Sommer et
al., 2015; Kapelski et al., 2016; Miyaoka et al., 2017; Miiller,
2019). Studies on animal models of schizophrenia, including
mice and primates, indicate that inflammatory reactions during
pregnancy may influence brain development and contribute
to the etiology of this disorder (Frodl, Amico, 2014). It has
been shown that microglial cells are activated in schizophrenia
and play a crucial role in inflammatory processes (Miiller,
2019). Additionally, the nonsteroidal anti-inflammatory drug
Celecoxib has been found to exert therapeutic effects on
patients with schizophrenia. Considering these findings, im-
munomodulation is currently widely discussed as a potential
approach to the treatment of this disorder (Miiller, 2019).

Clinical case descriptions of patients undergoing bone
marrow transplantation demonstrate the inflammatory nature
of schizophrenia. For instance, T. Miyaoka et al. (2017) pre-
sented the case of a 24-year-old man with treatment-resistant
schizophrenia who underwent bone marrow transplantation
for acute myeloid leukemia. After the procedure, he showed
a significant reduction in schizophrenia symptoms without
the use of neuroleptics. I.LE. Sommer et al. (2015) described
a reverse case where schizophrenia was transmitted from a
sibling. At present, the mechanism of changes introduced
by bone marrow transplantation from a healthy individual
influencing the development of schizophrenia is not fully
understood. However, it has been shown that this process
normalizes microglial changes, which are significant for
this disorder (Miyaoka et al., 2017). While the examination
of individual cases cannot definitively confirm the immune
pathogenesis of schizophrenia, the involvement of the immune
system may be one of the key factors in the development of
this disorder (Sommer et al., 2015).

It has been demonstrated that genetically determined
changes in the regulation of IL-1 metabolism, one of the key
components of the immune response, may contribute to schi-

zophrenia, thereby supporting the role of the IL-1 gene cluster
in disease susceptibility (Zanardini et al., 2003). Pro-inflam-
matory cytokines can modify neurotransmitter metabolism,
influencing the development of the nervous system. IL-1
participates in both acute and chronic neurodegeneration,
suggesting that cytokines induced by the activation of the IL-1
signaling pathway may play a pivotal role both in the acute
phase of the disease and during developmental stages of the
brain that affect an individual’s susceptibility to schizophre-
nia-related factors in later life (Katila et al., 1999).

Accumulated data to date provide an opportunity for a
more detailed examination of the influence of individual
cytokine genes, particularly IL-1, on the mechanisms under-
lying schizophrenia development. Bioinformatic methods
enable the exploration of changes in gene sequences asso-
ciated with this disorder and an assessment of the properties
of the corresponding protein molecules. This includes their
involvement in interleukin receptor interactions, impacting
the realization of the pro-inflammatory effects of IL-1. This
will expand theoretical knowledge and identify approaches
for further investigations into potential mechanisms of the
immune system’s involvement in schizophrenia development.

The objective of this study is a computer-based assessment
of the interactions between IL-1 proteins and their receptors
in the context of schizophrenia.

Materials and methods

We investigated the genetic factors associated with schizo-
phrenia using the DisGeNET platform renowned for hosting
one of the largest publicly available collections of genes and
variants linked to human diseases (Pifiero et al., 2020). The
search for SNPs and proteins related to the IL-1 family was
conducted through the NCBI (National Center for Biotechno-
logy Information) PubMed service and the Protein database
(Sayers et al., 2021).

To ensure the reliability of the data obtained from the
DisGeNET platform, we assessed the identified polymor-
phisms using the Evidence Index. An Evidence Index (EI)
of 1 signifies unanimous support for Gene-Disease Associa-
tions (GDA) or Variant-Disease Associations (VDA) across
all publications. A value of EI < 1 indicates the absence of a
correlation between the gene/variants and the disease (Pifiero
et al., 2020).

Following the selection of polymorphisms in genes encod-
ing proteins associated with the IL-1 family, we analyzed their
chromosomal positions using the NCBI resource function-
ality (Sherry et al., 2001). It was imperative to locate the
polymorphisms within the coding region for modeling the
corresponding proteins.

The amino acid sequences for protein modeling were
sourced from the NCBI Protein database (Sayers et al., 2021).
Subsequently, we manually replaced the amino acids in the
sequences based on the positions of the polymorphisms. Pro-
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tein modeling using the obtained sequences was carried out
using the SWISS-MODEL protein structure modeling server
(Waterhouse et al., 2018).

We extracted the IL-1R1+IL-1RAP+IL-18 complex from
the Protein Data Bank (PDB) database, which houses known
spatial structures of proteins. Subsequently, IL-1B was re-
moved from this structure as our analysis focused on the
receptor complex without interleukin.

The receptor complexes obtained were imported into Pro-
tein Interactions by Structural Matching (PRISM) (Baspinar
et al., 2014), where their surfaces underwent structural com-
parison with template interfaces — previously identified bind-
ing regions. An interface (binding region) is defined as a pair
of sets of amino acid residues {(A,, ..., Ay), (B, ..., B;)},
where for any amino acid residue A, from protein A, there is
at least one amino acid residue B, from protein B. This occurs
in such a way that the distance between these residues does
not exceed a specified threshold (typically ranging from 6 to
12 A) (Hadarovich et al., 2020). Within the binding region,
hot spots exist —amino acid residues contributing significantly
to binding energy (Tuncbag et al., 2012).

PRISM operates as an algorithm for predicting and model-
ing protein interactions through structural matching, encom-
passing four key stages: extraction of the target protein surface;
assessment of structural similarity with template interface
partners; superimposition of protein surface areas resembling
the template interface on the template; flexible refinement of
the obtained complexes, and energy calculation (Aytuna et
al., 2005; Tuncbag et al., 2011).

Through the modeling of molecular interactions, the PRISM
service provides an interface for forecasting, the complex
structure, and an energy indicator. The latter signifies binding
energy, denoting the minimum work required to separate the
system into its constituent particles. It characterizes system
stability and consistently carries a negative value, with the
system boasting the lowest binding energy considered the
most stable (Acuner Ozbabacan et al., 2014).

An energy threshold value of —10 kJ/mol was employed to
identify energetically favorable predictions. Interactions de-
monstrating conformational advantage, backed by experimen-
tal data and IS-assessment (interface similarity assessment),
with an output energy less than —10 kJ/mol were deemed
favorable (Gao, Skolnick, 2011; Kuzu et al., 2013). The IS
score, a metric for evaluating protein-protein interaction pre-
dictions, takes into account not only geometric distances but
also the preservation of interfacial contacts. For the PRISM
algorithm, an IS score greater than 0.12 is considered accept-
able (Gao, Skolnick, 2011).

To visualize the localization of amino acid substitutions
and interactions of IL-1 with receptors in the obtained protein
complexes, the YASARA program (Krieger, Vriend, 2014)
was utilized.

Results

Identification of molecules

initiating the IL-1 signaling pathway

The structures of IL-1a, IL-1p, and IL-1RA proteins, crucial
for initiating the IL-1 pathway, underwent examination (Di-
narello, 1994). These proteins interact with specific recep-

Computer modeling of the peculiarities
in the interaction of IL-1 with its receptors in schizophrenia

IL-TRAP

Fig. 1. IL-1 molecules and their interaction with cell receptors (based on
Acuner Ozbabacan et al., 2014; Dinarello, 2018).

tors IL-1R1 and IL-1RAP (Acuner Ozbabacan et al., 2014).
Subsequently, we evaluated the presence of polymorphisms
in the genes of IL-1a, IL-1B, IL-1RA, IL-1R1, and IL-1RAP
proteins, modeling their interactions according to the scheme
presented in Figure 1.

Search for SNPs in IL-1 genes

associated with schizophrenia

A search in the DisGeNET catalog identified four single-
nucleotide polymorphisms in genes initiating the IL-1 pathway
associated with schizophrenia.

For IL-1a, SNPs rs113129609 and rs1800587 were found.
While the EI for rs113129609 was 1, the corresponding
article did not confirm its presence. For rs1800587, with an
El index less than 0.001, evidence was lacking. The rs16944
polymorphism in IL-1B, with an EI of 1, was supported by
several studies (Shirts et al., 2006; Xu, He, 2010; Fatjo-Vilas
et al., 2012), and the polymorphism was included in the list
for further investigation. The rs1794068 polymorphism for
IL-1RA had an EI less than 0.001, and further investigation
was not pursued.

A PubMed search yielded 39 articles, and polymorphisms
were extracted and listed in Table 1.

Analysis of the localization of SNPs

of genes initiating the IL-1 signaling pathway

Localization and information on amino acid substitution for
each polymorphism were analyzed using the dbSNP resource
(Sherry et al., 2001) (Table 1). The IL-1RA rs315952 poly-
morphism, involving the substitution of serine with arginine,
was identified for further modeling.

Modeling of proteins initiating the IL-1 signaling pathway
Since the rs315952 polymorphism is located in the /L-1RA
amino acid sequence, it was selected for modeling. The origi-
nal sequence was extracted from the NCBI Protein sequence
database: >NP_776214.1 interleukin-1 receptor antagonist
protein isoform 1 precursor [Homo sapiens].

Three-dimensional structures of IL-1RA were modeled with
and without the polymorphism using the SWISS-MODEL
service. The obtained molecular models were saved as “.pdb”
files.
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Type of amino acid substitution

No information on amino acid substitution

No information on amino acid substitution

Serine is replaced by arginine

A synonymous variant, thymine to cytosine
substitution (T>C), does not result
in a change of the amino acid alanine

Polymorphism Gene name Publication
rs16944 IL-1B Papiol et al., 2007;
Xu, He, 2010 is available
rs1794068 IL-1RA Ben Nejma et al., 2013
rs1143627 IL-1B Hudson, Miller, 2018
rs1143623 IL-1B Kapelski et al., 2015
rs4848306 IL-1B Yoshida et al., 2012; No information
Kapelski et al., 2015
rs4251961 IL-TRA Kapelski et al., 2015
is available
rs9005 IL-1RA Kapelski et al., 2016
rs1143633 IL-1B Sasayama et al., 2011
rs11677416 IL-1A McClay et al., 2011 No information
rs315952 IL-1RA Kapelski et al., 2016
rs419598 IL-TRA Kapelski et al., 2016
rs1143634 IL-1B Xu, He, 2010

The alteration does not lead to the
replacement of the amino acid phenylalanine

Localization of the polymorphism

The polymorphism is located
outside the protein coding region

Intron
Intron

The polymorphism is located
outside the protein coding region

No information

The polymorphism is located
outside the protein coding region

No information
Intron

No information
Position 130

Position 57

Position 27

IL-TRA+IL-1R1 H IL-TRA+IL-1RAP

IL-TRA+IL-TRT+IL-1RAP

Y

Y
Standard IL-TRA+SNP+
IL-TRA+IL-1R1 IL-1R1

Fig. 2. Stages of protein interactions modeling.

Standard

IL-TRA+IL-TRAP

Since IL-1RA interacts with IL-1R1, IL-1RAP, and the
IL-1R1+IL-1RAP complex (Fig. 1), three-dimensional struc-
tures of the corresponding proteins were required for model-
ing and analysis. The PDB structure of the IL-1p signaling
complex was obtained, including IL-1p (chains A, D), IL-1R1
(chains B, E), and IL-1RAP (chains C, F). The IL-1R1+IL-
IRAP complex, IL-1RAP, and IL-1R1 were obtained using
the PyMol program.

Modeling protein interactions initiating the IL-1 pathway
Modeling of interactions followed the scheme presented
in Figure 2. Interactions of standard (non-polymorphic)
IL-1RA with IL-1R1, IL-1RAP, and the IL-1R1+IL-1RAP
receptor complex were modeled and analyzed sequentially.
Subsequently, interactions with IL-1RA rs315952 were also
modeled.

A Y

IL-TRA+SNP+ N f;f_‘\:fi;‘:{ " IL-TRA+SNP+
IL-1RAP Y IL-1R1+IL-1RAP

Modeling IL-1RA interactions with IL-1R1

Modeling interaction of standard IL-1RA with IL-1R1. In
the obtained models, the minimum energy indicators demon-
strated interaction according to the 1itbAB template, charac-
terizing the most probable interaction where the structure is
maximally stable (Table 2).

Considering the rs315952 polymorphism (Table 1) involv-
ing the replacement of serine by arginine at position 130, the
interaction at this point was evaluated under normal and poly-
morphic conditions. According to the contact list of template
residues, serine at position 130 of the IL-1RA molecule binds
to leucine at position 237 of IL-1R1 (see Table 4).

Modeling interaction of IL-1RA with the rs315952 poly-
morphism with IL-1R1. The structures of IL-1RA molecules
with the rs315952 polymorphism and IL-1R1 were utilized
for modeling.
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Table 2. Interfaces (binding regions) and interaction energies of standard IL-1RA with IL-1R1

Interface (binding region) Decoding of the binding domain name

Energy, kJ/mol

1itbAB Interaction of chains A (IL-1(3) and B (IL-13 type 1 receptor) in the 1itb structure -29.35
from the PDB database

3kxyGH Interaction of chains G (Protein C exoenzyme S synthesis) -13.68
and H (Protein C exoenzyme S synthesis) in the 3kxy structure from the PDB database

liraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor) -5.03
in the Tira structure from the PDB database

1itbAB Interaction of chains A (IL-1(3) and B (IL-1f type 1 receptor) in the 1itb structure -4.62

from the PDB database

Table 3. Interfaces (binding regions) and interaction energies of IL-1RA with the rs315952 polymorphism with IL-1R1

Interface (binding region) Decoding of the binding domain name

Energy, kJ/mol

TiraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor) -30.08
in the Tira structure from the PDB database

1itbAB Interaction of chains A (IL-18) and B (IL-1P type 1 receptor) in the Titb structure -28.18
from the PDB database

liraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor) -18.28
in the Tira structure from the PDB database

3kxyGH Interaction of chains G (Protein C exoenzyme S synthesis) -6.62
and H (Protein C exoenzyme S synthesis) in the 3kxy structure from the PDB database

1itbAB Interaction of chains A (IL-1f3) and B (IL-1f3 type 1 receptor) in the 1itb structure -6.38

from the PDB database

In the results of modeling this interface, minimum energy
values were found for the 1iraXY template (Table 3). However,
as the interaction without the polymorphism in the IL-1RA
structure (IL-1RA+IL-1R1) showed minimal interaction en-
ergy according to the 1itbAB template, the energy should be
compared using the same template.

Comparison between Tables 2 and 3 suggests that the in-
teraction of IL-1RA with the rs315952 polymorphism with
IL-1R1 (-30.08 kJ/mol) is the most energetically advanta-
geous. However, when comparing energies using the same
1itbAB template, this interaction becomes less energetically
favorable (—29.35 kJ/mol and —28.18 kJ/mol, respectively).
This suggests that in the presence of the rs315952 polymor-
phism in IL1-RA (serine substitution at position 130 for
arginine (Table 4)), the interleukin-receptor interaction com-
plex weakens, becoming less stable and more susceptible
to decay.

Thus, based on the interactions of IL-1RA with the rs315952
polymorphism with IL-1R1, we cannot draw a definitive
conclusion regarding the polymorphism’s impact on its in-
volvement in initiating the IL-1 signaling pathway. However,
the modeled interactions indicate that the polymorphism
participates in the formation of the protein-protein complex.

Modeling interactions of IL-1RA with IL-1RAP
Two investigations were conducted for modeling interac-
tions: the interaction of standard IL-1RA with IL-1RAP and

IL-1RA with the rs315952 polymorphism with IL-1RAP. In
both cases, the algorithm did not create a model of protein
interaction.

Modeling interactions of IL-1RA

with the IL-1RT+IL-TRAP complex

Modeling interaction of standard IL-1RA with the IL-
1R1+IL-1RAP complex. The interaction of IL-1RA with the
receptor complex using the 1iraXY template showed a stable
interaction (—34.27 kJ/mol) (Table 5). However, analyzing the
interaction using the litbAB template revealed a very weak
interaction (—2.67 kJ/mol).

According to the contact list of template residues, serine at
position 130 is also a hotspot (Table 7).

The results in Table 5 indicate that the 1itbAB template is
suitable for interaction with the added IL-1RAP protein, but
its stability is almost minimal, implying the formed complex
will quickly break down. Therefore, for further interaction
analysis, we use the 1iraXY template.

Modeling interaction of IL-1RA with the rs315952
polymorphism with the IL-1R1+IL-1RAP complex. Ac-
cording to the contact list of template residues, arginine is also
a hotspot. The simulation results presented in Table 6 show
that the minimum energy of the complex is observed with the
liraXY template at —25.27 kJ/mol.

Comparing interactions with the complex without poly-
morphism using the liraXY template, it is evident that the
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Table 4. Contacts of interface residues of 1itbAB IL-1RA and IL-1R1 and 1itbAB IL-1RA with SNP rs315952 and IL-1R1

1itbAB IL-1RA and IL-1R1

IL-1RA IL-1R1
SER_97 ASN_30
VAL_95 PRO_31
GLU_100 PRO_28
PRO_132 SER_263
LYS_121 ARG_163
LYS_121 ASP_162
TRP_144 ILE_13
GLY_131 LEU_237
GLN_119 ARG_163
ASP_99 LEU_15
PRO_142 VAL_124
TRP_144 TYR_127
LYS_96 GLU_129
ASP_120 ARG_163
SER_97 CYS_27
CYS_141 LEU_115
ASP_120 VAL_124
SER_97 PRO_28
SER_97 LEU_29
GLY_98 CYS_27
GLY_98 PRO_26
GLU_100 ILE_13
GLY_98 LEU_29
GLY_98 PRO_28
PRO_142 GLN_113
SER_130 LEU_237
ASP_99 PRO_28
ASN_160 ILE_13
ASP_99 PRO_26

minimum energy without polymorphism is —34.27 kJ/mol,
while with polymorphism it is —25.27 kJ/mol. Thus, it can be
hypothesized that the studied rs315952 polymorphism affects
the formation of IL-1RA binding with the IL-1R1+IL-1RAP
receptor complex, creating a less stable complex more prone
to decay.

The study results allow us to make an assumption that the
p.Ser130Arg mutation in the IL-1RA protein gene may lead
to the formation of a weakened complex between IL-1RA
and the associated receptors IL-1R1+IL-1RAP, which could
impact schizophrenia mechanisms.

1itbAB IL-1RA with SNP rs315952 and IL-1R1

IL-TRA with SNP IL-1R1
ARG_51 GLU_11
ASN_64 GLN_108
GLN_154 PRO_31
GLN_61 TYR 127
ARG_117 ASP_251
ARG_117 GLU_252
ARG_117 ASP_253
ARG_130 THR_300
GLU_77 ILE_250
ARG_51 ILE_13
GLN_45 LEU_123
GLN_45 VAL_124
LYS_34 LEU_237
LEU_60 TYR_127
LYS_34 SER_263
GLU_77 VAL_249
GLU_77 ILE_240
TYR_59 GLN_113
PRO_78 ILE_240
GLY_131 THR_300
GLN_61 LEU_15
GLN_61 ILE_13
PRO_63 ILE_13
GLY_62 ILE_13
PRO_63 ILE_14
GLN_45 GLN_113
Discussion

The functions of IL-1 family molecules are primarily asso-
ciated with innate immunity. While inflammation normally
acts as a protective mechanism, it can cause damage to the
body when it becomes uncontrollable (Dinarello, 2018).
IL-1 has been implicated in neuronal cell damage (Allan
et al., 2005), and excessive phagocytosis may contribute to
pathologies in Alzheimer’s disease, schizophrenia, and aging
(Vilalta, Brown, 2018). IL-1 triggers phagocytosis in the brain
by acting as a chemoattractant for neutrophils. Initiating the
IL-1 signaling pathway also leads to the release of cytokines
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Computer modeling of the peculiarities

in the interaction of IL-1 with its receptors in schizophrenia

Table 5. Interfaces (binding regions) and interaction energies of standard IL-1RA with the IL-1R1+IL-1RAP protein complex

Interface (binding region)

Decoding of the binding domain name

Interaction of chains C (Nuclear pore complex protein Nup214) and D (ATP-dependent

TiraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)
in the 1ira structure from the PDB database
3fmpCD
RNA helicase DDX19B) in the 3fmp structure from the PDB database
1itbAB

Table 6. Interface (binding region) and interaction energies of IL-1RA with the rs315952 polymorphism

Interaction of chains A (IL-1B) and B (IL-1f3 type 1 receptor) in the 1itb structure

from the PDB database

with the IL-TR1+IL-TRAP protein complex

Energy, kJ/mol

-34.27

-15.92

-2.67

Interface (binding region)

Decoding of the binding domain name

Energy, kJ/mol

liraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor) -25.27
in the 1ira structure from the PDB database

TiraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor) -19.03
in the 1ira structure from the PDB database

liraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor) -15.47
in the 1ira structure from the PDB database

1itbAB Interaction of chains A (IL-1B) and B (IL-1f3 type 1 receptor) in the 1itb structure -12.36

from the PDB database

TNFa and IFN-y, which activate macrophages (Sasayama et
al., 2011).

Studies confirm an increase in the level of IL-1 in the blood
of individuals with schizophrenia (Chu et al., 2018; Zhou et
al., 2019). The reporter system of genetic knockout in mice,
used to track the reciprocal deletion or expression of the IL-1
receptor (IL-1R1) in endothelial cells, ventricles, peripheral
myeloid cells, microglia, astrocytes, and neurons, revealed that
endothelial IL-1R1 is necessary and sufficient for mediating
pain behavior. It is also shown to stimulate the proliferation of
leukocytes in the central nervous system (CNS) and attenuate
neurogenesis. Ventricular IL-1R1 is critical for the prolifera-
tion of monocytes in the CNS. Although microglia does not
express IL-1R1, stimulation of endothelial cells with IL-1
leads to the induction of IL-1 in microglia (Liu et al., 2019).

The IL-1RA protein, which is an antagonist of IL-1 recep-
tors and has an anti-inflammatory function (Dinarello, 1994),
has also been found to be associated with schizophrenia (Kim
etal., 2004). Preliminary results suggest that the IL-1RA pro-
tein gene may contribute to the ventricular changes observed
in patients with this disease (Papiol et al., 2005).

An association has been found between single nucleotide
polymorphisms in proteins involved in the IL-1 pathway and
the risk of developing schizophrenia (Xu, He, 2010). There
is a tendency for the association of the GAGG haplotype
(rs1143627, rs16944, rs1143623, rs4848306) of the /LB
gene; TG haplotypes (rs315952, rs9005) and TT61 rs5254
(rs4) of ILIRN, and CT haplotype (rs4251961, rs419598) in
IL1RN with the risk of schizophrenia. Statistically significant
association is shown for rs1143634 (ILIB gene; T3953C).
This suggests a connection between pro-inflammatory fac-

tors, specifically polymorphisms in genes initiating the IL1
pathway, and the development of this disorder (Xu, He, 2010;
Kapelski et al., 2016).

IL-1RA, acting as an antagonist to the IL-1 receptor, ex-
hibits anti-inflammatory properties. In turn, IL-1o and IL-1p,
by binding to the IL-1 receptor, initiate the IL-1 signaling
pathway, participating in the implementation of the inflam-
matory response. Elevated synthesis of IL-1RA blocks this
pathway, leading to inhibition of the immune response and
weakening of the inflammatory process.

In the analysis of the interaction of the studied proteins, no
differences in energy outputs were observed between standard
IL-1RA and IL-1RA with rs315952 interacting with IL-1R1.
When standard IL-1RA interacts with the IL-1R1+IL-1RAP
complex, a lower energy value is observed compared to the
case with the polymorphism, presumably indicating a weaken-
ing of the interaction between IL-1RA and IL-1R1+IL-1RAP.
Notably, IL-1RA does not interact separately with IL-1RAP.

IL-1RA protein, upon binding to IL-1R1 and IL-1R1+IL-
1RAP, inhibits the binding of IL-1 and, consequently, the
activation of the IL-1 signaling pathway (Weber et al., 2010).
In schizophrenia, the appearance of a single nucleotide poly-
morphism in the /L-1RA gene (p.Ser130Arg) may lead to the
formation of a weakened complex between IL-1RA and as-
sociated receptors IL-1R1+IL-1RAP. This, presumably, could
subsequently trigger the IL-1 signaling pathway and, as a
result, the development of an uncontrolled immune response.

The results of the study showed that the functions of inter-
leukin-1, namely the interactions of IL-1 family proteins, may
be associated with structural changes in the corresponding
genes. The analysis of SNP associations of these genes with
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Table 7. Contacts of residues in the interface of 1itbAB standard IL-1RA with the complex of IL-1R1+IL-1RAP proteins
and 1itbAB IL-1RA with the rs315952 polymorphism with the complex of IL-1R1+IL-1RAP proteins

1itbAB standard IL-1RA
with the complex of IL-1R1+IL-1RAP proteins

IL-1RA IL-1R1+IL-1RAP

1itbAB IL-1RA with the rs315952 polymorphism
with the complex of IL-1R1+IL-1RAP proteins

IL-1RA with the rs315952 polymorphism  IL-TR1+IL-1RAP

pdb1_A_SER_130
pdb1_A_ARG_51
pdb1_A_MET_150
pdb1_A_MET_150
pdb1_A_ASN_116
pdb1_A_GLY_165
pdb1_A_MET_161
pdb1_A_TYR_59
pdb1_A_ARG_117
pdb1_A_GLN_154
pdb1_A_SER_130
pdb1_A_LYS_170
pdb1_A_ASP_129
pdb1_A_ASP_163
pdb1_A_ASP_163
pdb1_A_VAL_43
pdb1_A_GLU_164
pdb1_A_LYS_170
pdb1_A_GLU_164
pdb1_A_GLU_77
pdb1_A_TYR_59
pdb1_A_LEU_67
pdb1_A_GLU_77
pdb1_A_GLY_131
pdb1_A_GLY_165
pdb1_A_GLN_61
pdb1_A_GLN_61
pdb1_A_PRO_63
pdb1_A_PRO_63
pdb1_A_ARG_30
pdb1_A_GLY_62
pdb1_A_LYS_170
pdb1_A_PRO_63
pdb1_A_GLN_45
pdb1_A_GLN_45
pdb1_A_GLN_45

pdb2_C_ILE_184
pdb2_B_GLU_11
pdb2_C_ASN_168
pdb2_B_ARG_163
pdb2_B_GLU_252
pdb2_C_PHE_167
pdb2_C_TYR_162
pdb2_B_TYR_127
pdb2_B_ASP_251
pdb2_B_PRO_31
pdb2_B_THR_300
pdb2_C_SER_185
pdb2_B_THR_300
pdb2_C_MET_159
pdb2_C_SER_185
pdb2_B_LYS_114
pdb2_C_MET_159
pdb2_C_LEU_183
pdb2_C_TYR_162
pdb2_B_VAL_249
pdb2_B_PHE_111
pdb2_B_ILE_13
pdb2_B_TYR_242
pdb2_B_THR_300
pdb2_C_MET_159
pdb2_B_GLU_11
pdb2_B_ILE_13
pdb2_B_LYS_12
pdb2_B_ILE_13
pdb2_B_ASP_260
pdb2_B_ILE_13
pdb2_C_ASN_168
pdb2_B_ILE_14
pdb2_B_PHE_111
pdb2_B_LYS_112
pdb2_B_GLN_113

pdb1_A_ARG_130
pdb1_A_ARG_51
pdb1_A_ARG_51
pdb1_A_ASN_64
pdb1_A_ASN_64
pdb1_A_ASN_44
pdb1_A_GLN_154
pdb1_A_PRO_63
pdb1_A_PRO_63
pdb1_A_ARG_117
pdb1_A_ARG_117
pdb1_A_GLU_77
pdb1_A_ARG_130
pdb1_A_GLU_77
pdb1_A_LYS_170
pdb1_A_ASP_129
pdb1_A_ASN_64
pdb1_A_GLU_164
pdb1_A_GLN_45
pdb1_A_GLN_45
pdb1_A_GLU_175
pdb1_A_ARG_130
pdb1_A_LYS_34
pdb1_A_ASN_64
pdb1_A_LYS_34
pdb1_A_VAL_43
pdb1_A_GLU_77
pdb1_A_ASP_153
pdb1_A_GLU_77
pdb1_A_GLU_77
pdb1_A_PRO_78
pdb1_A_GLY_131
pdb1_A_HIS_79
pdb1_A_GLN_61
pdb1_A_VAL_65
pdb1_A_PRO_63
pdb1_A_GLY_62
pdb1_A_PRO_63
pdb1_A_ASN_44
pdb1_A_GLN_45
pdb1_A_GLY_165

pdb2_C_ILE_184
pdb2_B_GLU_11
pdb2_B_ILE_13
pdb2_B_ALA_109
pdb2_B_ALA_107
pdb2_B_VAL_124
pdb2_B_PRO_31
pdb2_B_ILE_110
pdb2_B_PHE_111
pdb2_B_ASP_251
pdb2_B_GLU_252
pdb2_B_GLU_259
pdb2_B_THR_300
pdb2_B_ILE_250
pdb2_C_SER_185
pdb2_B_THR_300
pdb2_B_GLN_108
pdb2_C_TYR_162
pdb2_B_VAL_124
pdb2_B_PRO_126
pdb2_B_LEU_237
pdb2_C_ARG_286
pdb2_B_LEU_237
pdb2_B_ILE_110
pdb2_B_SER_263
pdb2_C_LEU_183
pdb2_B_VAL_249
pdb2_B_PRO_31
pdb2_B_TYR_261
pdb2_B_ILE_240
pdb2_B_ILE_240
pdb2_B_THR_300
pdb2_B_ILE_240
pdb2_B_ILE_13
pdb2_B_LYS_112
pdb2_B_ILE_13
pdb2_B_ILE_13
pdb2_B_ILE_14
pdb2_C_ASN_168
pdb2_B_GLN_113
pdb2_C_TYR_162
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schizophrenia, together with information about the influence
of inflammation on the mechanisms of its development, can
serve as a theoretical basis for a more detailed and careful
study of the mechanisms of the inflammatory response.

Conclusion

It is known that in silico mutagenesis and the comparison
of changes in interaction energies between the standard and
mutated variants shed light on the mechanisms underlying the
development of several diseases. The results obtained in this
study demonstrate that in schizophrenia, structural changes
in genes may influence the functions of interleukin-1 (protein
interactions within the IL-1 family). This, in turn, allows cor-
relating existing data on the impact of inflammation on the
development of schizophrenia with associations of SNPs in
genes related to the IL-1 family. The conducted research makes
a theoretical contribution to the understanding of the details
of the mechanisms involved in the inflammatory response in
schizophrenia, and the results may serve as a basis for further
studies (both in silico and experimental) in this field.
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Abstract. Cervical cancer is one of the most frequent cancers in women and is associated with human papillomavirus
(HPV) in 70 % of cases. Cervical cancer occurs because of progression of low-differentiated cervical intraepithelial neo-
plasia through grade 2 and 3 lesions. Along with the protein-coding genes, long noncoding RNAs (IncRNAs) play an im-
portant role in the development of malignant cell transformation. Although human papillomavirus is widespread, there
is currently no well-characterized transcriptomic signature to predict whether this tumor will develop in the presence of
HPV-associated neoplastic changes in the cervical epithelium. Changes in gene activity in tumors reflect the biological
diversity of cellular phenotype and physiological functions and can be an important diagnostic marker. We performed
comparative transcriptome analysis using open RNA sequencing data to assess differentially expressed genes between
normal tissue, neoplastic epithelium, and cervical cancer. Raw data were preprocessed using the Galaxy platform. Batch
effect correction, identification of differentially expressed genes, and gene set enrichment analysis (GSEA) were per-
formed using R programming language packages. Subcellular localization of IncRNA was analyzed using Locate-R and
iLoc-LncRNA 2.0 web services. 1,572 differentially expressed genes (DEGs) were recorded in the “cancer vs. control” com-
parison, and 1,260 DEGs were recorded in the “cancer vs. neoplasia” comparison. Only two genes were observed to be
differentially expressed in the “neoplasia vs. control” comparison. The search for common genes among the most strong-
ly differentially expressed genes among all comparison groups resulted in the identification of an expression signature
consisting of the CCL20, CDKN2A, CTCFL, piR-55219, TRH, SLC27A6 and EPHA5 genes. The transcription level of the CCL20
and CDKN2A genes becomes increased at the stage of neoplastic epithelial changes and stays so in cervical cancer.
Validation on an independent microarray dataset showed that the differential expression patterns of the CDKN2A and
SLC27A6 genes were conserved in the respective gene expression comparisons between groups.
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IOXHbI depepanbHbI yHUBepcuteT, PoctoB-Ha-[loHy, Poccus
@ ked05685@gmail.com

AHHOTaumA. Pak LWeWKkn MaTKn ABNAETCA OAHMM 13 Hanboriee YacTbIX OHKONOMMYECKMX 3a00/1eBaHNN Y XKEHWWH 1 B
70 % cnyyaeB CBfA3aH C BUPYCOM Nanuinombl yenoseka (BMY). Pak welikv maTKky pa3BrBaeTca B pe3ybTaTe Nporpeccmm
LiepBUKaJIbHOW MHTPa3NUTENanbHON HEOMA3UK Yepes NopaXKeHWs BTOPOWA 1 TpeTbel cteneHu. [loMrumo 6enok-Koau-
PYIOLLMX FeHOB, BaXKHYIO POJIb B Pa3BUTUM 3/10KaYeCTBEHHON TpaHCHOPMaLIMK KNETOK UTpatoT ANIMHHbIE HeKoAMpyoLne
PHK. XoTa BUpyc nanvnnombl YenoBeka LWMPOKO PacnpoCTPaHEH, B HacToALLee BPeMA HET XOPOLLO OXapaKTepn30oBaH-
HbIX TPAHCKPUMTOMHbIX NPU3HAKOB, MO3BONAIOLMNX MPEACcKa3aTb 3/10Ka4eCTBEHHYI0 TpaHCPOpMaLMIO KNETOK anuTenuns
npu Hanuuum ceasaHHon ¢ BMY Heonnasum anuTenna Wwemnkn maTku. IsaMeHeHnA reHHON akTUBHOCTW B OMyXONAX OT-
paxkatloT 6ronornyeckoe pasHoobpasme KneToyHoro GpeHotTuna 1 GU3nMonornyecknx GyHKUMN 1 MoryT ObiTb BaXKHbIM
ANarHoCTMYecKum Mapkepom. icnonb3ya oTKpbITble AaHHble cekBeHnpoBaHuA PHK, Mbl npoBenu cpaBHUTENbHbIN aHa-
N3 TPAHCKPUNTOMA ANA oueHKN AnddepeHLmnanbHO SKCnpeccupyemMbix reHoB B 0bpasLax HoOpManbHOWM TKaHu, 3nu-
TenuA C ANCNNACTUYECKUMUN N3MEHEHUAMY U PAKOM LUENKN MaTKU. [epBrYHbIe faHHbIe 6biNn NpeaBaprTenbHO 0bpa-
60TaHbI C UCnonb3oBaHMeM niatdopmbl Galaxy. Koppekunsa naketHoro a¢dekra, ngeHtudmkauna anddepeHumanbHo
JKCNpeccrpyembIX FreHOB 1 aHann3 oboraleHna Habopa reHoB BbIMOJSTHEHbI B NMaKeTax fA3blka MporpaMmMupoBaHua R.
Cy6kneToyHas nokanusauna gHPHK 6bina npoaHanusnposaHa ¢ nomoLlbto Be6-cepBricos Locate-R n iLoc-LncRNA 2.0.
B cpaBHeHWM «pakK vs. KOHTPONb» 3apernctprposaHo 1572 auddepeHumanbHO SKCNpeccMpyemblx reHa, B CpaBHEHUN
«pak vs. Heonnasuar — 1260. Tonbko ABa AnddepeHLManbHO SKCNPeCCUpPYEMbIX reHa BbIABIIEHO NPU CPaBHEHNW KOHTPO-
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Mpodwunb skcnpeccn MPHK-gHPHK npu Heonnasum
1 LePBMKaNbHOM paKe, accoummpoBaHHbIMK ¢ BMY-nHdpekunen

na n Heornnasuu. Mouck obwmx cpean Havnbonee cunbHO AnddepeHLManbHO IKCNPeccUpyemMbiX reHOB BO BCEX Fpymnax
CpaBHEeHVA NPUBEN K BbIABIEHWIO CUTHATYPbl SKCnpeccuun, coctosLlen n3 renos CCL20, CDKN2A, CTCFL, piR-55219, TRH,
SLC27A6 n EPHAS. TloBbIlWEeHHbIN YpoBeHb TpaHcKpunuun reHoB CCL20 n CDKN2A BO3HMKaeT Ha CTagumn Heonnactu-
YeCKMX U3MEHEHWI SNUTENINA 1 COXPAHAETCA MPU pake LWenKkn MaTKu. Banugauma Ha He3aBUCMMOM Habope AaHHbIX
MMKpOoUMna nokasasna, Yto nattepHol anddepeHumanbHom skcnpeccmm reHoB CDKN2A n SLC27A6 coxpaHsAoTca B COOT-
BETCTBYIOLLMX CPAaBHEHUAX IKCMPECCMM FeHOB MeXKAY rpynnamu.

KnioueBble cnoBa: BUpPYC NanuiioMbl YeNlOBEKa; HeOMIasnsa; pak LeNnKN MaTKy; TPAHCKPUNTOMHbIN aHanms; INCRNA;

CDKN2A; CCL20.

Introduction

Cervical cancer is the fourth most common cancer in women
worldwide after breast cancer, colorectal cancer, and lung
cancer. The World Health Organization (WHO) estimates
that 604,127 new cases and 341,831 deaths from the disease
worldwide were registered in 2020 (Sung et al., 2021; Gebrie,
2022). Cervical cancer occurs as a result of progression of
low-differentiated cervical intraepithelial neoplasia (CIN1)
through grade 2 and 3 lesions (CIN2 and CIN3). Inflammatory
responses are rarely observed in persistent low-grade lesions
and are thought to be due to the inflammation-suppressing
activity of high-risk HPV oncoproteins (Walch-Ruckheim et
al., 2015).

Although HPV is the most significant factor in cervical
cancer, the development of cervical cancer is considered
multifactorial. Common risk factors for cervical cancer also
include smoking, a high number of sexual partners, low social
and/or economic status and its consequences, and immune
suppression caused by infection such as human immunode-
ficiency virus (HIV) or the use of immunosuppressants after
organ transplantation (Walch-Ruckheim et al., 2015).

According to the International Human Papillomavirus
Reference Center data (Eklund et al., 2020), only 12 out of
220 HPV strains have the greatest impact on cancer develop-
ment (these strains include HPV types 16, 18, 31, 33, 35, 39,
45,51, 52, 56, 58, and 59). About 70 % of cervical cancer
and precancerous lesions of the cervix cases are specifically
associated with HPV types 16 and 18 (Okunade, 2020).

Eighty percent of sexually active women become infected
with HPV during their lifetime, but the infection persists in
only 5-10 % of those initially infected and leads to cervical
cancer in only 3 % (Schubert et al., 2023). In the absence
of a clearly persistent HPV infection, the risk of developing
cervical cancer is extremely low. However, virus persistence
may be associated with many factors. Host genetic factors
are thought to play an important role in the response to HPV
infection and further development of oncology.

Along with the protein-coding genes, long noncoding
RNAs (IncRNAs) play an important role in the development
of malignant cell transformation. Results of the TCGA pro-
ject showed that approximately the same number of protein-
coding genes and IncRNA genes carried mutations in more
than 5,000 different tumor samples. However, at the same
time, 60 % of IncRNAs showed tumor type specificity and
are superior to protein-coding genes in terms of specificity to
the type of cancer (Yan et al., 2015). Consequently, IncRNAs
can be a good class of biomarkers for cancer prognosis and
carly diagnosis.

Both protein-coding and IncRNAs can be analyzed as
efficiently as possible by high-throughput RNA sequencing
(RNA-seq). Profiling the entire transcriptome can iden-

tify genes that are differentially expressed in related tissues.
Changes in gene activity in tumors reflect the biological diver-
sity of cellular phenotype and physiological functions and can
be an important diagnostic marker (Martin, Wang, 2011; Bao et
al., 2019). A significant change in the expression of both pro-
tein-coding and non-coding parts of the genome may be a con-
sequence of local chromatin remodeling in the region of the
virus integration site, which plays a somewhat spontaneous but
often important role in oncogenesis (Karimzadeh et al., 2023).

The aim of this work was to perform bioinformatics analysis
of RNA sequencing data from epitheliocytes of women with
cervical epithelial neoplasia and cervical cancer based on open
data from three different studies (Royse et al., 2014; Hu et al.,
2015; Qi et al., 2022).

Materials and methods

Datasets. The study material was raw RNA sequencing data
of cervical epithelial samples from three separate studies
analyzing the transcriptome in cervical cancer, neoplasia,
and normal tissue. Neoplasia grade data were also available.
The main characteristics of the studies used are summarized
in Table 1.

Data preprocessing. Raw RNA-seq data (fastq format)
were processed using the Galaxy platform (https://usegalaxy.
org/). Read quality was assessed with FastQC, adapter trim-
ming was performed with TrimGalore, transcript alignment
and mapping was performed with RNA STAR, and transcript
counting was performed with featureCounts, respectively.

Data variability analysis and batch effect correction.
Analysis of data variability and assessment of the batch effect
(effect of the subsample/sequencing platform rather than bio-
logical variability) were performed using principal component
analysis (PCA) with the plotPCA function of the DESeq2
v.1.42.0 package for R. Based on the results of the variability
analysis, a conclusion was made about the inclusion/exclusion
of samples in further analysis.

Differential gene expression analysis was performed using
the DESeq?2 package in R. Genes were filtered by log,FC >2,
log,FC < (-2), and adjusted p-value < 0.05 (as visualized in
the R package EnchancedVolcano). Genes encoding mRNAs
and IncRNAs were categorized using Ensembl Ids. To identify
differentially expressed genes (DEGs) between three biolo-
gical states (neoplasia vs. control; cancer vs. neoplasia; cancer
vs. control), comparisons were performed and the top 10 genes
with statistically significant increased and decreased expres-
sion were identified. Heatmap for common DEGs was plotted
with the pheatmap package in R.

Gene set enrichment analysis (GSEA) to estimate acti-
vated and repressed biological pathways in the comparison
groups was performed using the clusterProfiler v.4.10.0
package for R.
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Table 1. Main characteristics of the used studies

mMRNA-INncRNA gene expression signature
in HPV-associated neoplasia and cervical cancer

No. Study ID Samples count
Control Neoplasia
1 SRP048735 6 12 -
2 SRA189004 - - 7
GSE149763 3 3

IncRNAs subcellular localization analysis. The web ser-
vices Locate-R (Ahmad et al., 2020) and iLoc-LncRNA 2.0
(Su et al., 2018) were used to determine the subcellular lo-
calization of IncRNAs.

Validation on an independent dataset. An independent
microarray dataset from the GEO database (GSE63514;
24 normal samples, 40 CIN3 samples, and 28 cancer samples)
was used to validate the obtained results. Gene expression was
obtained using GEO2R GUI available on the sample panel in
GEO (all comparison groups were likened to those performed
on the original dataset). Differential expression analysis was
performed within GEO2R.

Results
The variability analysis of RNA sequencing data and the PCA
assessment of the batch effect presented in Figure 1 showed
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that study No. 1 was significantly different from studies No. 2
and No. 3 (Fig. 1a), which may indicate the presence of a batch
effect. After it was excluded from the analysis, the variabil-
ity of samples from different studies decreased significantly
(Fig. 1b). In further analysis, only data from studies 2 and 3
were used. Samples from these two datasets were combined
for analysis into a single dataset without normalization due
to the overall low batch effect.

The results of the differential gene expression analysis are
shown in Figure 2. 1,572 DEGs were recorded in the “cancer
vs. control” comparison, also 1,260 DEGs were recorded in
the “cancer vs. neoplasia” comparison. It is important to note,
that only 2 genes were observed to be differentially expressed
in the “neoplasia vs. control” comparison.

The genes with the largest difference in the expression level
for all comparisons are shown in Table 2. The top 10 genes
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Fig. 1. RNA sequencing data variability analysis using PCA before the exclusion of study No. 1 (a) and after its exclusion (b).
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Fig. 2. Volcano plots for differentially expressed genes in the “neoplasia vs. control” (a), “cancer vs. control” (b), and “cancer vs. neoplasia” (c) comparison

groups.
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I, and “cancer vs. neoplasia” comparisons

Comparison
Neoplasia vs. control,
increased expression

Cancer vs. control,
increased expression

Cancer vs. control,
decreased expression

Cancer vs. neoplasia,
increased expression

Cancer vs. neoplasia,
decreased expression

ENSEMBL ID
ENSG00000115009.13
ENSG00000147889.18
ENSG00000124092.13
ENSG00000290242.1
ENSG00000176165.13
ENSG00000147889.18
ENSG00000019186.10
ENSG00000149968.12
ENSG00000119547.6
ENSG00000196611.6
ENSG00000118156.13
ENSG00000163064.7
ENSG00000253105.6
ENSG00000124205.18
ENSG00000170893.4
ENSG00000259458.1
ENSG00000113396.13
ENSG00000285336.1
ENSG00000145242.14
ENSG00000185069.2
ENSG00000279030.1
ENSG00000280650.1
ENSG00000124092.13
ENSG00000282122.1
ENSG00000290242.1
ENSG00000127129.10
ENSG00000213058.3
ENSG00000107159.14
ENSG00000241749.4
ENSG00000133328.4
ENSG00000287929.1
ENSG00000181617.6
ENSG00000170893.4
ENSG00000289337.1
ENSG00000145808.10
ENSG00000248698.6
ENSG00000113396.13
ENSG00000178115.12
ENSG00000279622.2
ENSG00000145242.14
ENSG00000143536.7
ENSG00000249421.2

Gene name
CcCL20
CDKN2A
CTCFL
piR-55219
FOXG1
CDKN2A
CYP24A1
MMP3
ONECUT2
MMP1
ZNF541

ENT
AP003548.1
EDN3

TRH
MGC15885
SLC27A6
LOC107928882
EPHAS5
KRT76
AC007336.3
KCNIP4-IT1
CTCFL
IGHV7-4-1
piR-55219
EDN2

RPS14

CA9
RPSAP52
PLAAT2
Inc-LAMCT-1
FDCSP

TRH
piR-52324-054
ADAMTS19
LINCO1085
SLC27A6
GOLGA8Q
Inc-ZDHHC7-3
EPHAS
CRNN
ADAMTS19-AST

Transcript type
Protein-coding
Protein-coding
Protein-coding
PiRNA
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
Protein-coding
IncRNA
Protein-coding
Protein-coding
IncRNA
Protein-coding
IncRNA
Protein-coding

Protein-coding

Uncategorized transcript

IncRNA
Protein-coding
Protein-coding
PIRNA
Protein-coding
Pseudogene
Protein-coding
Pseudogene
Protein-coding
IncRNA
Protein-coding
Protein-coding
PIiRNA
Protein-coding
IncRNA
Protein-coding
Protein-coding
IncRNA
Protein-coding
Protein-coding

IncRNA

log,FC
8.78
6.75
21.91
20.25
19.33
9.16
9.15
8.29
8.04
7.99
7.98
7.92
-7.15
-7.06
-6.91
-6.83
-6.72
-6.58
-6.50
-6.49
-6.39
-6.10
21.74
19.65
19.22
9.09
8.26
7.22
7.12
6.85
6.84
6.79
-6.91
-6.79
-6.47
-6.34
-6.24
-6.21
-6.16
-6.13
-6.13
-6.09
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Fig. 3. Heatmap of the expression change patterns by logFC of selected
genes.

The stars are intended to flag levels of significance for p-adjusted >0.05 (ns),
<0.05 (*), <0.01 (¥*), <0.001 (***).

with increased and decreased expression for the “cancer vs.
neoplasia” and “cancer vs. control” comparisons and 2 DEGs
for the “neoplasia vs. control” comparison were presented. Out
of the top 10 genes with increased expression for the “cancer

Activated Suppressed |
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Structural constituent of chromatin |

Mitochondrial protein- |
containing complex

Mitotic sister chromatid separation
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vs. neoplasia” comparison, 1 belongs to the IncRNA class,
1 belongs to the piwi-interacting RNA (piRNA) class, 2 belong
to the pseudogene class, 6 belong to the protein-coding gene
class; out of the genes with decreased expression, 3 genes
belong to the IncRNA class, 1 gene belongs to the piRNA
class, and the remaining 6 belong to the protein-coding gene
class. In turn, out of the top 10 genes with increased expres-
sion for the “cancer vs. control” comparison, 1 belongs to the
piRNA class, and 9 belong to the protein-coding gene class;
out of the genes with decreased expression, 4 belong to the
IncRNA class, 1 belongs to the uncategorized transcript class,
and the remaining 5 belong to the protein-coding gene class.

Search for common genes among the most strongly dif-
ferentially expressed genes among all comparison groups
resulted in the identification of an expression signature con-
sisting of the genes CCL20, CDKN2A4, CTCFL, piR-55219,
TRH, SLC2746 and EPHAS5. The expression patterns of these
genes are shown in Figure 3.

The gene enrichment analysis shown in Figure 4 demon-
strated that in the “cancer vs. control” comparison, the mole-
cular pathways associated with the cell cycle, DNA packaging,
replication and translational mRNA base-pairing repression
were activated, and the pathways associated with the mem-
brane structure and cell-cell adhesion were repressed. Con-
versely, in the “cancer vs. neoplasia” comparison, molecular
pathways related to the immunoglobulin production, antigen
binding, respiratory chain and respirasome were activated,
while pathways related to the translational mRNA base-pair-
ing repression, post-transcriptional silencing, RISC and RNAi
effector complexes were repressed.
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Fig. 4. Results of gene set enrichment analysis for the “cancer vs. control” (a) and “cancer vs. neoplasia” (b) comparison groups.
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Table 3. Results of differentially expressed IncRNAs subcellular localization analysis using Locate-R and iLoc-LncRNA 2.0

IncRNA Locate-R
Localization Score

AP003548.1 Cytoplasm 1
MGC15885 1
LOC101928882 0.99
KCNIP4-IT1 1
Inc-LAMC1-1 0.94
LINCO1085 1
Inc-ZDHHC7-3 0.92
ADAMTS19-AS1 Nucleus 0.97

iLoc-LncRNA 2.0
Localization Score
Cytoplasm 0.84
0.73
0.85
0.83
0.86
0.69
0.87

Exosome 0.66

Table 4. Comparative analysis of the DEGs in datasets for study and validation

Comparison Studied dataset (SRP048735+

SRA189004 + GSE149763, RNA-seq)
Neoplasia vs. control 2 450
Cancer vs. control 1,572 961
Cancer vs. neoplasia 1,260 215

Analysis of the subcellular localization of differentially
expressed IncRNAs using two different web resources
(Table 3) showed that subcellular localization is identified
ambiguously for ADAMTS19-AS1 (nucleus and exosome),
which may be related to differences in the computational ap-
proaches by which Locate-R (Local Deep SVM approach)
and iLoc-LncRNA 2.0 (SVM approach) are implemented,
despite the fact that both models are based on an analysis of
the RNALocate IncRNA localization database. The results
clearly indicated cytoplasmic localization for most of the
transcripts (Table 3).

Validation on an independent dataset

Differential gene expression analysis on an independent data-
set (Table 4) demonstrated that the number of DEGs observed
in the “neoplasia vs. control” comparison was much higher
than in the same comparison in our study, whereas for the
other two comparisons, the number of DEGs was lower in
the independent dataset than in our study. In particular, the
CDKN24 and SLC27A46 genes confirmed their expression
change in the same pattern after validation.

Discussion
The division of HPV-infected cervical epithelial cells leads to
neoplastic tissue changes or cervical intraepithelial neopla-
sia (CIN). The changes detected at the levels of cell morpho-
logy and tissue structure are the consequence of alterations
at the molecular level. Neoplastic changes of epithelial cells
in HPV infection are characterized by an increased level of
transcription of the CCL20 and CDKN2A genes, which lasts
through the progression of the malignant process.

Tumor development assumes long-term persistence of HPV
and the formation of a high viral load. Moreover, the virus
can use the replicative apparatus of human cells and avoid the

Validation dataset
(GSE63514, microarray)

Overlap total Overlap within the

expression signature
1 CDKN2A
CDKN2A, SLC27A6
15 -

171

action of immune system factors. The main mechanisms of
evasion from the immune system include modulation of anti-
gen presentation, inhibition of cytokines and chemoattractants,
modulation of cell adhesion molecule synthesis and inhibition
of antigen-presenting cell migration.

The CCL20 gene, differentially expressed in neoplastic
changes of infected cells, may be a direct participant in these
processes. CCL20 belongs to the subfamily of small cytokine
CC genes, it is located on chromosome 2q and contains 4 exons
and 3 introns. This gene encodes macrophage inflammatory
protein (MIP)-3a, predominantly expressed in liver, colon,
prostate, cervix, and skin. It has been reported that endothelial
cells, neutrophils, T helper 17 (Th17) cells, B cells, natural
killer cells, dendritic cells (DC) and macrophages secrete
CCL20 (Yamazaki et al., 2008; Nandi et al., 2014). CCL20 as
a chemoattractant is involved in recruiting lymphocytes and
dendritic cells to epithelial cells. It is believed that CCL20
may play an important role in the regulation of Langerhans
cells, which are the main antigen-presenting cells for HPV
presentation, causing an immune response.

From this perspective, it is reasonable to assume that active
expression of CCL20 would be triggered in response to the
appearance of human papillomavirus in the body. However,
many studies indicate that HPV oncoproteins E6 and E7 may
reduce the production of the chemokine CCL20 in keratino-
cytes by inhibiting its transcription. And thus, HPV, in an at-
tempt to avoid an immune response, may negatively modulate
the expression of this chemokine in the epithelium, thereby
blocking the migration of inflammatory cells, such as Langer-
hans cells, to the lesion site (Guess, McCance, 2005; Wang et
al., 2010; Jiang, Xue, 2015; Fernandes et al., 2021).

However, in the later stages of cervical carcinogenesis, the
landscape changes and CIN3 lesions often contain myeloid
cells such as macrophages and dendritic cells (Mazibrada et

MEOUUMHCKAA TEHETUKA / MEDICAL GENETICS 347



E.D. Kulaeva, E.S. Muzlaeva
E.V. Mashkina

al., 2008) and, as a number of studies have shown, CCL20
levels in cervical cancer tissues are significantly higher than
in non-tumor and normal control tissues (Yu et al., 2015).
Cervical cancer cells have been found to instruct cervical
fibroblasts to produce CCL20 (Walch-Ruckheim et al., 2015).
The rationale is that although normal immune cells attack
and suppress tumor cells, some immune cells that infiltrate
cancer tissue lose their anti-tumor function and play a role in
promoting tumor progression (Beatty, Gladney, 2015; Bin-
newies et al., 2018).

Alteration of the cell cycle of infected epitheliocytes is pos-
sible due to changes in the transcription level of the CDKN2A4
gene. CDKN24 is a cyclin-dependent kinase 2a inhibitor gene
that, through the use of alternative reading frames, produces
two major proteins: pl6 (INK4), an inhibitor of cyclin-
dependent kinase 2 which arrests the G1-S transition in the
cell cycle, and p14 (ARF), which binds the p53-stabilizing
protein MDM2 (Robertson, Jones, 1999). It is important to
note that CDKN24 is overexpressed in various cancers, and
often its expression level correlates with the number of mu-
tations, microsatellite instability in the tumor genome, and
immune infiltration in the tumor microenvironment (Chen Z.
et al., 2021). However, a study of CDKN2A expression in
cervical cancer cell lines performed by real-time PCR and
western blotting showed that it was reduced; moreover, the
authors concluded that CDKN2A inhibits cell proliferation and
invasion in cervical cancer through the AKT-mTOR lactate
dehydrogenase mediated pathway (Luan et al., 2021). Several
bioinformatics studies analyzing RNA sequencing data of cer-
vical cancer samples have found that CDKN24 is a kind of
“nodal gene” of tumorigenesis through interactions with vari-
ous transcription factors, signaling molecules and microRNAs
(e.g. miR-424-5p and miR-9-5p) and is overexpressed in
cervical carcinoma in the TCGA project (Zhao et al., 2018;
Chen Z. et al., 2021). In our study, CDKN2A expression was
upregulated in patients with both HPV-associated neoplasia
and HPV-associated cervical cancer, which draws attention
to the importance of a more thorough study of the expression
pattern of this gene and the features of the above pathologic
conditions.

At the same time, the pattern of CDKN2A4 methylation in
cervical cancer is relatively well known; several meta-analyses
have shown that CDKN2A hypermethylation (relative to con-
trol samples) can be an indicator of early disease progression
(LiJ. etal., 2016). CDKN2A methylation was found to gradu-
ally increase with disease progression from stage 1 neoplasia
to cervical cancer (Wijetunga et al., 2016), which can also be
used as a comparative marker of disease severity. We would
like to emphasize the need for a study linking the expression
and methylation status of CDKN2A in HPV-associated neo-
plasia and cervical cancer to expand the understanding of the
functional role of CDKN24 regulation in these conditions.

The most significant reduction of expression level in cancer
cells relative to both control and neoplasia was found for five
transcripts: SLC2746, EPHAS, TRH, CTCFL, and piR-55219.

The SLC27A46 gene encodes a fatty acid transfer protein
through the cell membrane. Long-chain fatty acids are es-
sential for various physiological processes. The function of
SLC27A6 in cervical cancer has not, to our knowledge, been
clarified. However, it is reported that SLC2746 expression
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was decreased in esophageal squamous cell carcinoma and
breast cancer cells as well as nasopharyngeal carcinoma cells
compared to normal cells (Xu C.Q. et al., 2015; Yen et al.,
2019). It was also observed that the methylation ratio of the
SLC27A6 promoter was higher in nasopharyngeal carcinoma
than in nonmalignant tissues (Xu C.Q. et al., 2015). On the
contrary, SLC27A46 gene expression was increased in papillary
thyroid carcinoma (Dai et al., 2020).

The function of the ephrin A5 receptor encoded by the
EPHAS gene in cervical cancer is also unclear. However, sup-
pression of EPHAS expression by methylation has been es-
tablished for breast cancer (Fu et al., 2010), prostate cancer
(LiS. etal., 2015), and colorectal cancer (Kober et al., 2011).
The loss of EPHAS expression was associated with the degree
of serous ovarian carcinoma — the expression of this gene in
cancer was reduced by 45 % in relation to neoplasia (Chen X.
etal., 2016).

The TRH gene encodes a member of the thyrotropin-releas-
ing hormone family involved in the hypothalamus—pituitary—
thyroid axis which exhibits feedback of thyroid hormone,
thereby regulating metabolic and immunological homeostasis.
TRH has been well investigated in the type of cancer such
as acute myeloid leukemia, and a correlation between risk
groups and 7RH expression was found, and it was discovered
that patients with higher TRH expression were more sensi-
tive to chemotherapy (Gao et al., 2022). Regarding CIN and
cervical cancer, site-specific assessment of 7RH gene meth-
ylation (cg01009664) was investigated for the detection of
CIN2+ and demonstrated high sensitivity and specificity with
clinician-collected samples, but not with the self-collected
ones (Chaiwongkot et al., 2023). A similar analysis was also
performed using screening of TRH cg01009664 methylation
for prediction of oral squamous cell carcinoma and oropharyn-
geal squamous cell carcinoma (Puttipanyalears et al., 2018).

Conversely, the CTCFL and piR-55219 genes are signifi-
cantly upregulated in their expression in both “cancer vs. neo-
plasia” and “cancer vs. control” comparisons.

The CTCFL gene, which is sometimes also called BORIS,
is a paralog of the widely known CTCEF transcription factor
and is normally expressed in pre-meiotic male germ cells
together with ubiquitously expressed CTCF being involved
in the regulation of the testis-specific genes (Soltanian, Deh-
ghani, 2018; Debaugny, Skok, 2020). Unlike CTCF, CTCFL is
more frequently amplified or transcriptionally activated, rather
than mutated in cancers, and in cervical cancer the aberrant
expression of CTCFL is linked with the re-initiating promoter
hypomethylation of this gene (Debaugny, Skok, 2020). More-
over, a study performed on the cervical cancer stem-like cells
(CSCs)/cancer-initiating cells (CICs) claimed that BORIS sf6
(isoform from subfamily 6) is specifically expressed in cervi-
cal CSCs/CICs and has a role in the maintenance of CSCs/
CICs and proposed a peptide isoform BORIS C34 24(9) as
a promising candidate for cervical CSC/CIC-targeting im-
munotherapy (Asano et al., 2016). Clinically, in cases of
epithelial ovarian cancer and cervical cancer, high levels of
BORIS expression were associated with poorer prognosis/less
median survival times of patients and advanced cancer stages
(Soltanian, Dehghani, 2018).

Way less is known about piwi-interacting RNA piR-55219.
In general, piwi-interacting RNAs (piRNAs), which are
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25-31 nucleotides in length, have been found to cluster at
transposon loci in the genome and are thought to be critical
for silencing these mobile genetic elements, via DNA methyla-
tion, to maintain genomic integrity in germline stem cells.
Although they have only recently been identified in cancers,
it is possible that the piRNAs that mediate transposon silenc-
ing during normal germline differentiation are hijacked in
cancer cells to silence other parts of the genome, resulting in
a tumorigenic state (Siddiqi, Matushansky, 2012; Suzuki et
al., 2012). Unfortunately, no specific information on the in-
volvement of piR-55219 in cancer processes has been shown,
which emphasizes the need for a more detailed investigation
to establish a functional relationship between piRNAs and
other cancer-specific genes.

Conclusion

We identified a predominantly cytoplasmic localization for the
majority of differentially expressed IncRNAs. These IncRNAs
can be involved in post-transcriptional regulation through their
influence on the stability of mRNAs, act as translation regula-
tors while forming mRNA-IncRNA complexes and can release
miRNAs from their target genes as miRNA “sponges” (Xu Y.
et al., 2023). All these processes may be impaired in cervical
cancer, so it is important to further investigate the molecular
mechanisms of function of IncRNAs selected in this study.

The results of our study differ significantly between the dis-
covery and validation cohorts, which may be related to sample
preparation protocols (FF+FFPE vs. cryosectioning) and ex-
pression assessment method (RNA-seq vs. microarray), which
once again confirms the need to generate large protocol-uni-
formed datasets for studying neoplasia and cervical cancer
at the same time.

Therefore, the analysis of differential gene expression in
HPV-infected neoplasia and cervical cancer revealed a pattern
of 7 genes with altered transcription levels. The increased
transcription level of the CCL20 and CDKN2A genes occurs
at the stage of neoplastic epithelial changes and persists in
cervical cancer. The CDKN2A and SLC27A46 genes confirmed
their expression change in the same patterns after validation
on the independent microarray dataset.
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Abstract. Single-nucleotide polymorphisms (SNPs) can serve as reliable markers in genetic engineering, selection,
screening examinations, and other fields of science, medicine, and manufacturing. Whole-genome sequencing and
genotyping by sequencing can detect SNPs with high specificity and identify novel variants. Nonetheless, in situations
where the interest of researchers is individual specific loci, these methods become redundant, and their cost, the pro-
portion of false positive and false negative results, and labor costs for sample preparation and analysis do not justify
their use. Accordingly, accurate and rapid methods for genotyping individual alleles are still in demand, especially for
verification of candidate polymorphisms in analyses of association with a given phenotype. One of these techniques
is genotyping using TagMan allele-specific probes (TagMan dual labeled probes). The method consists of real-time
PCR with a pair of primers and two oligonucleotide probes that are complementary to a sequence near a given locus
in such a way that one probe is complementary to the wild-type allele, and the other to a mutant one. Advantages of
this approach are its specificity, sensitivity, low cost, and quick results. It makes it possible to distinguish alleles in a ge-
nome with high accuracy without additional manipulations with DNA samples or PCR products; hence the popularity
of this method in genetic association studies in molecular genetics and medicine. Due to advancements in technolo-
gies for the synthesis of oligonucleotides and improvements in techniques for designing primers and probes, we can
expect expansion of the possibilities of this approach in terms of the diagnosis of hereditary diseases. In this article,
we discuss in detail basic principles of the method, the processes that influence the result of genotyping, criteria for
selecting optimal primers and probes, and the use of locked nucleic acid modifications in oligonucleotides as well as
provide a protocol for the selection of primers and probes and for PCR by means of rs11121704 as an example. We
hope that the presented protocol will allow research groups to independently design their own effective assays for
testing for polymorphisms of interest.
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AHHoTaumA. OgHOHYKNneoTuaHble nonnmopdrambl (SNP) MOTyT Cy>KUTb HaflEXKHbIMY MapKepamul B FreHHON UHXe-
Hepuw, cenekunn, CKPUHMHIOBbIX 0O6CNIeA0BAaHUAX U APYrMX 06MacTAX HayKu, MeanuuHbl U NPou3BoACTBa. MosHo-
reHOMHOE CEKBEHVPOBaHME U FEeHOTUMMPOBAHME MNPV MOMOLLN CEKBEHVPOBaHNA MOTYT BblcOKOCMeUndrYHO ae-
TekTpoBaTb SNP 1 BbIABNATL HOBble annenu. OgHaKo B CMTyauurAX, KOrAa MHTepec nccnepoBatenei HanpasfieH Ha
oTAenNbHble KOHKPETHbIE JIOKYCbl, 3T METOAbl CTAaHOBATCA M3ObITOYHBIMY, @ X LeHa, JOSA TOXHOMOMOXUTENbHbIX
N NOXHOOTPMLATESNIbHBIX Pe3yNbTaToB M TPyAo3aTpaThl Ha NPOGOMOArOTOBKY U aHanM3 He OMpaBAbIBalOT UX Npu-
MeHeHuA. Mo3ToMy TouHble 1 BbICTPble MeTObl FeHOTUMMPOBAHUA OTAESNbHbIX anyenel Bce elle OCTalTCA BOCTpe-
60BaHHbIMK, 0COBEHHO NPV NPOBEPKE KaHAUAATHLIX NOANMOPGU3MOB B aHa/IM3ax accoumaunmn ¢ onpeaeneHHbIM
deHoTnom. OanH 13 TaKMX METOAOB — FEHOTUNUPOBaHUE C UCMOMb30BaHKEM annesb-cneundunyHbix 3oHaoB TagMan
(TagMan dual labeled probes). MeTog 3akntouaetcs B peakuyuu MLP B peanbHOM BpemeHU C NCNosib30BaHMEM Mapbl
nparMepoB 1 ABYX ONIMFOHYKEOTUAHbIX 30HAOB, KOMMIEMEHTaPHbIX MOCeA0BaTeNbHOCTM BOMM3N JaHHOrO JIoKyca
TaKnM 06pa3om, YTO OLMH 30HA KOMMNEMEHTapeH annesto AUKOro TUMNa, a 4PYro — MyTaHTHOMY annento. [NpenmyLye-
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criteria for selecting primers for genotyping

CTBa MeTopa 3aKJII04aloTCA B ero cneunduyHoOCT, YyBCTBUTENbHOCTM, HEBbICOKOWN CTOMMOCTU 1 BbICTPOTE NONyYeHnA
pe3ynbraToB. OH NO3BOMSET C BbICOKOW TOYHOCTBIO Pa3nunyaTh anfienn B reHome B ogHocTaguinHon MLUP 6e3 gononHu-
TeNbHOro 3Tana pasAeneHna NPoAyKTOB peakLmy, 4To AeslaeT ero BoCTPeboBaHHbIM B MCCNe0BaHNAX FEHETUYECKNX
accoumaumin B MOMIEKYIAPHON reHeTuKe 1 MeauumHe. bnarogapsa pasBuUTUIO TEXHONOMMIA CUHTE3a OSIMFOHYKNEOoTH-
[lOB V1 COBEPLUEHCTBOBaHMIO METOA0B Nogbopa npanimepoB 1 30HAOB MOXHO OXKMAATb PaCLUVPEHNA BO3MOXHOCTEN
NPYIMeHeHNA 3TOro NoOAXoAa B ANArHOCTNKe HacneACTBEHHbIX 3aboneBaHuii. B HacToALwen cTaTbe Mbl pa3obpanm oc-
HOBHble NMPVHLUMMNbI METOAA, NPOLECCh, BAMAIOLWME Ha pe3ynbTaT FeHOTUMMPOBaHWA, KpuTepun nogbopa onTrMasnb-
HbIX MpaniMepoB 1 30HAOB, Ucnonb3osaHne LNA-mogudrKauuin B ONUroHyKneotTnaax, a Takke npriBenu npoToKos
nogb6opa npavimepos, 3oHAoB 1 MLUP Ha nprumepe SNP rs11121704. Mbl Hageemcs,, UTo NpefCcTaB/ieHHbI NPOTOKON
NO3BOJSINT UCCIef0BaTENIbCKMM FPYMNnaM CaMOCTOATENIbHO NoA6UpaTh CO6CTBEHHbIE S3OdEKTUBHBIE TECT-CUCTEMDBI 41A

NPOBEPKY NHTEPECYIOLMX NONMMOPOU3MOB.

KntoueBble c/loBa: reHOTUNMPOBaHWE; OQHOHYKNeoTUAHbIe nonumopdusmsl; 3oHAbl TagMan; LNA-mogmdrkaumu;

annenb-cneundunyHan MUP.

Introduction

Single-nucleotide polymorphisms (SNPs) are actively used as
reliable markers in genetic engineering, selection, screening
examinations, and other fields of science, medicine, and indus-
trial production. It is clear that whole-genome sequencing and
genotyping by sequencing can detect SNPs with high specifi-
city and identify novel variants. On the other hand, in situa-
tions where the interest of researchers is focused on individual
specific loci, these methods become redundant, and their cost,
the proportion of false positive and false negative results, and
the labor costs for sample preparation and analysis do not
justify their use. Accordingly, accurate and rapid techniques
for genotyping individual alleles are still in demand, especially
for verification of candidate polymorphisms in analyses of
association with a given phenotype (Kalendar et al., 2022).

Currently, methods based on allele-specific PCR allow to
obtain the most accurate results at a low cost and do not require
highly qualified personnel or expensive laboratory equipment.
In this work, we analyze principles of work with one of these
approaches: genotyping by means of allele-specific probes
based on the TagMan method (TagMan dual labeled probes).
It was first described 15 years ago (Hui et al., 2008) and re-
mains one of the most popular for the detection of SNPs. The
accuracy of the method ensures genotyping error of less than
one case per 2,000 (Ranade et al., 2001). The correct choice
of primers and probes is possible for most genome sequences
and in more than 90 % of cases allows to obtain fairly accu-
rate genotyping results for high-quality DNA without further
optimization.

The method of allele-specific PCR with TagMan probes
can separate genotypes even with small amounts of an initial
sample, does not require post-PCR processing, and correlates
well with other methods (Broccanello et al., 2018). None-
theless, kits that are commercially available and developed
for a specific SNP are expensive, and recommendations for
creating and optimizing one’s own assays are described rather
superficially in most of literary sources.

In this work, we provide a detailed analysis of this technique
with a description of processes that can influence genotyping
results as well as recommendations for designing your own
assays.

Description of the method

The method consists of real-time PCR involving a pair of
primers (forward and reverse, between which a polymorphic
locus of interest is located) and two oligonucleotide probes
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complementary to a sequence near this locus in such a way
that one probe is complementary to the wild-type allele, and
the other to a mutant one. Each probe has a distinct fluorescent
dye at the 5’ end and a fluorescence quencher and phosphate
group at the 3’ end. The phosphate group prevents the probes
from acting as primers in the PCR. Due to the proximity of
the quencher and dye, an intact probe does not yield a signal
because of Forster resonance energy transfer (FRET) and
fluorescence quenching. At the elongation stage, a Taqg DNA
polymerase molecule that has reached the probe bound to the
fully complementary template hydrolyzes it owing to 5-3’
exonuclease activity, thereby uncoupling the quencher and
dye, and the fluorescence is detected by an instrument.

Hybridization of the probe with the template is more ef-
fective in the case of complete complementarity; moreover,
in the case of an unpaired base (mismatch), when a probe
corresponding to one allele binds to the template correspond-
ing to another allele, the polymerase preferentially displaces
it entirely without separating the chromophores. Therefore,
signal accumulation will occur much more efficiently in the
case of complete complementarity between the probe and the
template. Thus, the ratio of fluorescence levels of the different
dyes depends on the ratio of the alleles (corresponding to the
probes labeled with these dyes) in the initial template (Hui
et al., 2008).

In a situation close to ideal, an allelic discrimination plot,
where X- and Y-axes correspond to the fluorescence levels of
the first and second dye for each sample, looks like the one in
Figure 1. Samples having the same genotype form a cloud of
dots distant from other clusters. The fluorescence level of each
dye is zero for homozygotes that do not have the allele labeled
with this dye and is almost twice as high for homozygotes of
a given allele as compared to heterozygotes.

In Figure 2, an outcome of a less specific reaction is shown,
when annealing and subsequent restriction of probes addition-
ally take place on the template corresponding to the other al-
lele. Under this scenario, fluorescence intensity of both dyes is
non-zero for all samples. On the other hand, the genotypes of
the samples can still be well discriminated with high accuracy.
It should be noted that during the reaction, the concentration of
the specific probe decreases, the concentration of the template
increases, and the probe with the mismatch remains intact,
which shifts the equilibrium toward the formation of a duplex
containing the mismatch. In this case, using a smaller amount
of'the initial template in the reaction or reading an allelogram
at earlier cycles can help.
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Fig. 1. A high-quality allelic discrimination plot.

Here and in Fig. 2: Created in Bio-Rad CFX Manager software. RFU: relative
fluorescence units.

Based on the ratio between the dye signals in a single
sample, it is impossible to directly determine which probe
binds better and, accordingly, what the genotype is, because
the dyes have different fluorescence intensities, probes differ
in binding efficiency, and this process can be influenced by
other random factors. Therefore, for the assay, it is necessary
to employ several samples, among which there are different
genotypes. It is recommended to analyze at least 20 samples
per instrument run for reliable discrimination. By means of
how much one signal increases more intensely than the other
(i.e., by means of the angle between the X- and Y-axes in the
plot for each sample), you can separate all samples into groups,
and if three groups are detected, you can be confident in ac-
curate determination of the genotype of each group. When as-
sessing the results in the absence of a certain genotype among
the samples, one should rely on the match between the actual
frequency of genotypes and the one expected according to
the literature or the Hardy—Weinberg equilibrium. To ensure
correct allelic discrimination, it is advisable to verify samples
of each genotype by Sanger sequencing.

Criteria for designing optimal primers
and probes for genotyping

Design of primers

GC content within 30-80 % (ideally 40-60 %).

Stretches of a repeated nucleotide, especially four or more

consecutive Gs, should be avoided.

— Melting point (T,,) in the range of 58—60 °C. The differ-
ence in T, between the forward and reverse primers is no
more than 2 °C.

— Among the five nucleotides at the 3’ end, more than two
Gs and/or Cs are not recommended. T should be avoided at
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Fig. 2. The allelic discrimination plot with a low ratio of target fluores-
cence to the background signal, but reliable discrimination of the geno-
types is still possible.

the 3’ end. G or C at the last position at the 3’ end is a more
suitable binding site for DNA polymerases.

— Length 18-30 nucleotides.

— The primers and probes must not overlap.

— The recommended amplicon length according to the litera-
ture is 80—120 nucleotides.

Increasing the PCR product length reduces reaction ef-
ficiency and nuclease activity of Taq polymerase (Debode et
al., 2017). In some cases, depending on nucleotide composi-
tion, to meet other criteria, amplicon length can be increased
to 1,000. The minimum length is determined by the total
length of the primers and probes. It is best to keep the distance
between a probe and the primer annealing to the same strand
shorter to the extent feasible, no more than 20 nucleotides if
possible. Our experience shows that amplicon length of 98 to
469 bp and a 22-348 bp distance from a probe to the primer
complementary to the same strand have no visible effect on
discrimination accuracy.

From the point of view of simplicity and low cost of the
experiment, we recommend selecting primers by taking into
account the possibility of Sanger sequencing from the same
primers. In this case, it is desirable that there be at least
50 nucleotides from the sequencing primer to the polymor-
phic site and from the polymorphic site to the other end of the
maximal read (i. e., the regions upstream and downstream of
the polymorphic site).

Design of probes

— Both probes must anneal to the same strand and not be
complementary to each other.

— T, should be approximately 68 °C higher than that of the
primers (as opposed to qPCR involving only one probe,
for which the T, should be 10 °C higher than that of the
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primers). The reason is that as the reaction mixture cools,
the oligonucleotide probes must anneal to the DNA template
before the primers do.

— The greater the difference in T, between the probe fully
paired with the template and the probe carrying an unpaired
base, the more efficiently can the alleles be separated.
The minimum difference that has allowed us to separate
alleles is 3 °C, but we advise designing probes to achieve
a minimum of 4-5 °C whenever possible. The wider the
temperature window, the easier it is to select an annealing
temperature at which the annealing probability of a probe
carrying a mismatch is negligible compared to that of a
fully complementary probe.

— Do not place G at the 5’ end because it will quench the
fluorophore attached to it after cleavage the probe. Further-
more, Taq polymerase cleaves such probes worse (Huang,
Li, 2009). The cleavage of the oligonucleotide begins with
the appearance of 1-2 unpaired nucleotides at the 5’ end,
which are recognized by the nuclease domain. An unpaired
G at the end dramatically disrupts complementarity, thereby
sometimes causing complete strand separation faster than
Taq polymerase can begin to cut the probe; thus, the probe
is displaced entirely as if it was not fully complementary
to begin with.

— Of'the two strands, choose one such that the probes contain
more Cs than Gs because empirical data indicate that such
probes are more likely to produce a strong signal (https://
www.thermofisher.com/order/catalog/product/450025).

— The polymorphic site should be located approximately in
the middle third of the probe.

— GC content within 20-80 % (ideally 30—70 %).

— Itis advisable to select the positions of the start and end of
each probe so that T, for both probes becomes approxi-
mately the same.

— The length of the probes is 18-30 nucleotides, and the
optimal length is 20 nucleotides. These restrictions are
due to the fact that a probe must bind specifically to only
one region within the amplified fragment and satisfy T,
requirements. The longer the entire probe, the smaller is
the contribution of the polymorphic site to the melting
temperature, the smaller is the percentage difference in
T,, for cases of complete complementarity and mismatch,
and less effectively are the alleles discriminated. A length
greater than 30 nucleotides is acceptable, but in such cases,
the quencher should not be located at the 3’ end but inside
the probe at a distance of approximately 18—25 nucleotides
from the 5’ end. The reason is that at distances between
the dye and quencher greater than 100 A (corresponding
to approximately 30 bp in B-form DNA structure), FRET
is disrupted and intact probes can emit fluorescence, thus
lowering the signal-to-background ratio.

— The reporter fluorophores (dyes) must have different emis-
sion spectra. Fluorophores from a list of those compatible
with the instrument at hand should be chosen for different
channels. Probes labeled with FAM and HEX are cleaved
more efficiently than probes labeled with ROX or CYS5.

— Itis best to label with a brighter dye the probe having lower
T,, or GC content or containing an A/T allele, which binds
worse to the template (for example, FAM gives a stronger
signal than HEX does).
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Use of locked nucleic acid (LNA) modifications

in oligonucleotides

Commercially available TagMan probes can be conjugated to
a minor groove binder (MGB) motif, e. g., dihydrocyclopyr-
roloindole tripeptide (DPI3), to increase the probe’s binding af-
finity for the target sequence. This approach allows to increase
melting temperature of the probe without increasing its length,
thus improving discrimination between the complementary
probe and noncomplementary probe.

Commercially available alternatives to this technology
are locked nucleic acids (LNAs or bridged nucleic acids,
BNAs), which are analogs of RNA with ribose locked in the
3’-endo conformation due to a 2'-O, 4'-C methylene bridge.
The presence of these modified bases in the oligonucleotide
enhances the thermal stability and specificity of hybridization
(Oweczarzy et al., 2011). Such nucleotides are usually marked
as [+X] or +X (where X = A, T, G, or C). By replacing in-
dividual nucleotides in a probe with their LNA analogs, it is
possible to make the probe itself shorter, and the contribution
that the polymorphic site makes to the total T,, is greater,
which will facilitate the discrimination of alleles. Typically,
a modification of a single nucleotide at the SNP position is
made, but for each sequence, effects of different variants may
differ (You et al., 2006).

The choice of tools for calculating T,,, of oligonucleotides
with an LNA modification is narrower than in the case of un-
modified bases; you can use OligoEvaluator services (http://
www.oligoevaluator.com/LoginServlet) or the OligoAnalyzer
Tool (https://www.idtdna.com/calc/analyzer).

Unfortunately, there are currently no available services
for calculating the T,, difference between the fully paired
duplex and the heteroduplex containing unpaired bases for
oligonucleotides with an LNA modification. Previously, the
OligoAnalyzer Tool has allowed for such calculations, but due
to low accuracy, this option has been removed. To roughly
estimate the effect of LNA on mismatches, you can use data
from articles on the thermodynamics of oligonucleotides with
LNA modifications. In some cases, an LNA modification even
reduces the match vs. mismatch difference as compared to the
unmodified oligonucleotide; therefore, these modifications
require caution (You et al., 2000).

Design example

By changing the amplicon length, melting temperature, GC
content, and positions and lengths of primers and probes, it is
possible to obtain combinations that satisfy the above criteria
and to select the best one. SNP-containing sequences being
analyzed do not always permit designing primers and probes
that meet all the aforementioned criteria, but this does not
mean that the selected assay will not work in practice.

Let’s consider the algorithm for designing primers and
probes for analysis of the rs11121704 polymorphism.

1. Find the polymorphism in the dbSNP database (https://
www.ncbi.nlm.nih.gov/snp/), and go to the page with a
detailed description (https://www.ncbi.nlm.nih.gov/snp/
rs11121704).

2. Find the substitution you need, and pay attention to the
genome assembly for which the position is specified. For
example, in our case, the latest one is currently GRCh38. At
the next stage, we need information about the chromosome
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(NC_000001.11), the position on it (11233902), and the sub-
stitution (C>T). One rsID can correspond to several variants
at one locus; all of them are listed on the page (C>A/C>T).
Typically, most people have either the reference allele or the
most common alternative allele. The necessary information
can be found on the “Frequency” tab (Fig. 3).

In this genotyping method, we regard all polymorphisms
as biallelic, and we are usually interested in the most com-
mon substitution at a given position because variants with a
near-zero frequency can occur only in large study populations.

3. To select primers, we use the open online resource
Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/)

In the “Enter accession” field, specify the chromosome
with the polymorphism you are interested in (NC_000001.11).

In the “Range” fields, we indicate the boundaries within
which the forward and reverse primers should lie near the
SNP position (11233902). We set the boundaries of the primer-
binding site no closer than 15 nucleotides to the SNP (because
otherwise, primer landing may be impeded by the probe) and
not farther than 200 (so that the amplicon is not too long and
the reaction efficiency is higher): the forward primer from

rs11121704

Organism Homo sapiens

Position chr1:11233902 (GRCh38.p14) @

Alleles C>A/C>T

Variation Type SNV Single Nucleotide Variation

Frequency C=0.360546 (95433/264690, TOPMED)
C=0.365324 (51141/139988, GnomAD)
€=0.28937 (21720/75060, ALFA) (+ 19 more)

Variant Clinical

Details

‘ Frequency

ALFA Allele Frequency

Significance

HGVS
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11233702 (11233902-200) to 11233887 (11233902-15), and
the reverse one from 11233917 (11233902+15) to 11234102
(11233902+200). “PCR product size” is set to 100-250.

In the “Database Refseq” field, choose “Refseq representa-
tive genomes” or “Genomes for selected organisms (primary
reference assembly only)”. Both databases contain primary
assemblies of chromosomal sequences with minimal redun-
dancy, and “representative genomes” also include alternative
loci and mitochondrial genomes, if available.

The “Advanced parameters” option provides access to ad-
ditional parameters, among which, we are interested in “Primer
GC content (%)”, for which we set the range to 40—60 %.

We leave the remaining parameters unchanged. Before
clicking the “Get primers” button, select the “Show results in
anew window” option so that after the results are displayed, it
is easier to change individual launch parameters for a second
search (Fig. 4).

4. Go to the page with the primer search results. We select
primers that are suitable for the position, T,,, and specificity.
You can work with nonspecific primers, but you must then
check that the probe binds only to the specific amplicon and
not to side products.

Current Build 156
Released September 21,2022

Clinical significance Reported in Clinvar
Gene : Consequence MTOR: Intron Variant
8 citations

See rs on genome

Publications

Genomic View

Submissions History Publications Flanks

The ALFA project provide aggregate allele frequency from dbGaP. More information is available on the project page including descriptions, data access, and terms of

use.

Release Version: 20230706150541

Population Group *  sample size Ref Allele AltAllele
Total Global 75060 C=0.28937 A=0.00000, T=0.71063 .
European Sub 59104 C=0.27827 A=0.00000, T=0.72173
African Sub 4888 C=0.6279 A=0.0000, T=0.3721
African Others Sub 174 C=0.718 A=0.000, T=0.282
African American Sub 4714 C=0.6245 A=0.0000, T=0.3755
Asian Sub 238 C=0.046 A=0.000, T=0.954
East Asian Sub 164 C=0.049 A=0.000, T=0.951
Other Asian Sub 74 C=0.04 A=0.00, T=0.96
Latin American 1 Sub 400 C=0.305 A=0.000, T=0.695
Latin American 2 Sub 3384 C=0.1690 A=0.0000, T=0.8310
South Asian Sub 4968 C=0.1842 A=0.0000. T=0.8158 v

Fig. 3. Basic information about the rs11121704 variant: chromosome, position, genome assembly, and frequency of nucleotide

substitutions.
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Allele-specific PCR with fluorescently labeled probes:
criteria for selecting primers for genotyping

PCR Template -
Primer Parameters
Enter ion, gi, or FASTA (A refseq record is preferred) @ Range @ ) D -
NG_000001.11 - . Min Pt ax
Forward primer 233887 PCR Product Tm l | | | ‘ ‘
y Reverse primer 234102 |Mi" [ |°pl ] ‘Max ‘
. Primer Size
Or, upload FASTA file 0630p.... | ®aiin He BLIGPaH.
Min Max
= Primer GC content (%)
Primer Parameters o
GC clamp
Use my own forward primer [ 2] ‘:l ©
(5'->3' on plus strand) Max Poly-X |:] o
Use my own reverse primer [ 2]
(5™->3"' on minus strand) Max 3' Stability l:| (%)
Min Max
PCR product size Max GC in primer 3' end e
# of primers to return \:' Secondary Structure [ use Thermodynamic Oligo Alignment [ use Thermodyr
Alignment Methods Pri pai
Min opt Max Max T, difference UL L

Primer melting p ‘ \ ‘ ‘ ‘ ‘ |

(For thermodynamic alignme

TH: Max Template Mi

Any 3
Exon/int lecti TH: Max Self C (For thermodynamic alignme
Xon/intron sefection A refseq mRNA sequence as PCR template input is required for options in the section 9 - s
e y .
Exon juncti e s
on junction span [Nop v |® TH: Max Pair Comp iy [ ] [ ] (For thermodynamic alignme
Exon junction match ‘Min 5 match‘ Minl 3' match ‘ Max |3 match ] TH: Max Primer Hairpin l:l (For thermodynamic alignment model only)
Minimal and maximal number of bases that must anneal to exons at the 5' or 3' side of the junction @ Primer Pair
2 : M For old secondary structure
Intron inclusion |__J Primer pair must be separated by at least one intron on the corresponding genomic DNA 9 hax it ( &
Intron length range Min Max Any 3
:l :I e Max Self ( (For old secondary structure
Any 3
Primer Pair Specificity Checking Parameters Max Pair Compl (For old secondary structure
Specificity check Enable search for primer pairs specific to the intended PCR template (2] Excluded regions |
search mode -
Automatic v |® Overlap junctions [
Database i
[ Refseq representative v @ 5'side overlaps  3'side overlaps
Exclusion l_J Exclude predicted Refseq transcripts (accession with XM, XR prefix) D Exclude uncultured/environmenta
Organism ( Homo sapiens “' Add organism] Minimal number of nucleotides that the left or the right primer
Enter an organism name (or organism group name such as enterobacteriaceae, rodents), taxonomy id or select C()lqoeﬂtmﬂon of monovalent l: 9
cations
Entrez query (optional) ‘ 2] Concentration of divalent e
cations
Primer specificity stringency Primer must have at least total mismatches to unintended targets, including Concentration of dNTPs e
at least mismatches within the last El bps atthe 3'end. @ Salt correction formula [ santaLucia 1998 v @
Ignore targets that have or more mismatches to the primer. @ Table :‘i thermodynamic Santalucia 1998 v | @
Max target amplicon size paramesers & :
9 P : ‘ \9 Annealing Oligo Concentration |:| (2]

Allow splice variants

Advanced parameters

Show results in a new window [ Use new graphic view @

Primer Pair Specificity Checking Parameters

Max number of sequences 50000 v |@
returned by Blast

Blast expect (E) value 30000 v @
Blast word size (>

Max primer pairs to screen e

Max targets to show (for :l (2]
designing new primers)

Max targets to show (for pre- [: e
designed primers)

Max targets per sequence (2]

Fig. 4. An example of settings for designing primers in the Primer-Blast tool.

We chose the sequence 5-TTTTTCCTCATTTTGGGC
GA-3' for the forward primer and 5-TATCAGTTGCAG
GAAAGTGC-3' for the reverse primer. The “results” page
shows that the selected primers give a target specific product
130 nucleotides long (Fig. 5). There is also one potential non-
specific PCR product with a length of 1,186 nucleotides, which
will not be synthesized due to incomplete complementarity of
the binding sites to the primer sequences (Fig. 5).

5. Next, in the “Tracks” option, select the “Configure
Tracks” suboption, find and check the boxes “Common va-
riations (MAF>=0.01)", “Cited Variations”, and “ClinVar
variants with precise endpoints” and add them to the display
with the “Configure” button. A probe should not overlap with
polymorphisms other than the one of interest.

LJ Allow primer to amplify mRNA splice variants (requires refseq mRNA sequence as PCR template input) (2]

SNP handling [J Primer binding site may not contain known SNP @
Repeatiter [Asormatic ~ ]@

Avoid repeat region for primer selection by filtering with repea
Low complexity filter Avoid low complexity region for primer selection @

Internal hybridization oligo parameters

Hybridization oligo [ Pick internal hybridization oligo

Min Opt Max

Hyb Oligo Size [ ] [ ] [ |
Min Opt Max

Hyb Oligo tm | | | \
Min Opt Max

Hyb Oligo GC% [ ] ] ]

Show results in a new window [ Use new graphic view @

6. In the search results, select the sequence area around
the SNP (nucleotides —20...+20) and click “copy sequence
(selection)” (Fig. 6).

Additionally, build a complementary strand to this se-
quence. This can be done manually or use any available
service, for example, (https://www.bioinformatics.org/sms/
rev_comp.html).

Forward strand sequence:

S'-TTCTCCTTTCCAAACATCTG(C)GATGATGTGCC
TGAAGCATT-3'

Reverse strand sequence:

5'-AATGCTTCAGGCACATCATC(G)CAGATGTTTGG
AAAGGAGAA-3’

The position of the SNP in question is indicated in brackets.
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Primer pair 1

Sequence (5->3) Template strand
Forward primer TTTTTCCTCATTTTGGGCGA Plus
Reverse primer TATCAGTTGCAGGAAAGTGC Minus
Product length 130

Products on intended targets
>NC_000001.11 Homo sapiens chromosome 1, GRCh38.p14 Primary Assembly

product length = 130
Features associated with this product:
serine/threonine-protein kinase mtor isoform 1

serine/threonine-protein kinase mtor isoform x3

Forward primer 1 TTTTTCCTCATTTTGGGCGA 20
Template AVIBBBIE:  wvarivins. srmriiutia wrarstarsssatsnesa 11233855

Reverse primer 1 TATCAGTTGCAGGAAAGTGC 20
Template b1 (72 2 L 1 75 R S 11233946

Products on potentially unintended templates
>NC_000013.11 Homo sapiens chromosome 13, GRCh38.p14 Primary Assembly

product length = 1186
Features associated with this product:
fibroblast growth factor 14 isoform la

fibroblast growth factor 14 isoform 3

Forward primer 1 TTTTTCCTCATTTTGGGCGA 20
Template 101877194 A G500 cirssniiae T.. 101877213

Reverse primer 1 TATCAGTTGCAGGAAAGTGC 20
Template 101878379 CETGA.cwwTivvvviwusns 101878360

Fig. 5. The selected primers in the Primer-Blast tool give a specific target
PCR product 130 nucleotides long containing SNP rs11121704, and one
potential PCR product 1,186 nucleotides long, which should not form
under normal conditions.

7. Within the sequence near the SNP, select a fragment of
suitable length and composition. Based on the GC content, it
is worthwhile taking the reverse strand sequence, because in
this case, there will be more Cs than Gs in the probe:

5'-CAGGCACATCATC(G)CAGATGTTT-3'

Given that we are not taking the strand in which the SNP
is shown to be located, you should remember that for our se-
quence, the C>T substitution in the reverse strand corresponds
to the G>A substitution.

We select the boundaries of the second probe so as to
equalize the probes’ T,

5'-CAGGCACATCATC(A)CAGATGTTTG-3'

8. It is recommended to check T,, by means of several
services and to average it (see the Table).

For example, we used Oligo Calc (http://biotools.nubic.
northwestern.edu/OligoCalc.html), OligoEvaluator (http://
www.oligoevaluator.com/LoginServlet), and OligoAnalyzer
Tool (https://www.idtdna.com/calc/analyzer).

9. To compare the melting temperatures between the
fully complementarily bound probe and the probe forming
an unpaired base, select the “Tm mismatch” option in the
OligoAnalyzer Tool.

For the first probe CAGGCACATCATC(G)CAGATGTTT,
the mismatch is the nucleotide complementary to the second
probe (CAGGCACATCATC(A)CAGATGTTTG), i.e., select
the letter “T”, and click “Use Exact Complement Tm” and
“Calculate”. The greater the difference in the T,,, between the
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A Tools v | & Tracks »

N

Yoo a

) S NC_000001.11 v | Find:

11,233,920

11,233,910

REAEK 11233902

[

A G 6 T

T G A A G A G G A A

T A G A T G G A

Copy Sequence (Selection) \

%% Zoom On Range

ATe Zoom To Sequence

@ Set New Marker On Range

5 Modify Range

,,8, BLAST Search (Selection)
£ Primer BLAST (Selection)

¥ Download GenBank Flat File (Selection)

dbSNP b156 v2

Cited Variationms,

C/A/T

rsi1121704

ClinVar variants with precise endpoints

|11,233,920 ¥ Download FASTA (Selection)

11,233,910

dbSNP b156 v2

Common Variations (MAF >= 0.01),

. |
JE/R/T
)

rsi1121704

Genes

hB8cP0zpTnxrSPO9vSZnO3pma

(U) Primer pairs for job a2Gl

11,233 po0

11,233,898

11,233,880

370

NC_000001.11: 11M..11M (60 nt)

Fig. 6. A nucleotide sequence that flanks the SNP and does not overlap with other known polymorphic sites.
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Main characteristics of primers and probes for rs11121704

Allele-specific PCR with fluorescently labeled probes:

criteria for selecting primers for genotyping

Oligonucleotide Tm

OligoEvaluator
5 -TTTTTCCTCATTTTGGGCGA-3' 66.3
5'-TATCAGTTGCAGGAAAGTGC-3' 60.5

5-FAM-CAGGCACATCATCGCAGATGTTT-BHQ1-3"  70.2
5"-VIC-CAGGCACATCATCACAGATGTTTG-BHQ1-3"  68.6

Tm T, Oligo- Tm Tm deltaT,,
OligoCalc Analyzer Tool average mismatch

54.3 63.0 61.2

56.4 62.4 59.8

62.9 66.4 66.5 62.4 4.0

63.6 64.9 65.7 60.3 4.6

Note. Melting temperatures (T,,,) predicted by several services and their averages are listed. The T, mismatch is the melting temperature of the probe in the
noncomplementary duplex with the template. “delta T,," is the difference between “T, (Oligo-Analyzer Tool)” and “T,,, mismatch”.

fully complementary oligonucleotide and the probe having the
noncomplementary base (“deltaTm”) (and accordingly, the
lower the proportion of the bound mismatched probe compared
to the fully complementary probe at the probe annealing stage),
the more accurate the allele discrimination will be.

10. To check the specificity of the newly designed probes,
we use the Blast service (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastn&PAGE TYPE=BlastSearch&
LINK LOC=blasthome).

In the “Enter accession number(s), gi(s), or FASTA se-
quence(s)” field, insert the probe sequence; “Database” should
be “Refseq representative genomes”, “Organism” should be
“human (taxid:9606)”. Select option “Show results in a new
window,” and press the “Blast” button. It is important for us
that the probe does not bind to nonspecific PCR products (if
any exist) and binds to the single region of the target amplicon.

11. It is worthwhile to check primers and probes for com-
plementarity to each other and for self-complementarity and
hairpin formation in the OligoAnalyzer Tool software accord-
ing to their recommendations (https://www.idtdna.com/pages/
education/decoded/article/designing-pcr-primers-and-probes).
In this software, we check a parameter called AG (change in
Gibbs free energy) of secondary-structure formation. At AG
values more positive than —9 kcal/mol, secondary structures
do not have a significant effect on PCR, and values greater
than zero indicate that under these conditions, secondary
structures do not form (https://www.gene-quantification.de/
oligo_architect glossary.pdf). Therefore, when checking the
primers and probes, we select those with AG > -9 kcal/mol
for potential secondary structures.

PCR execution and choosing PCR conditions
Fluorophore-labeled probes should be stored in the dark to
avoid photobleaching (https://assets.thermofisher.com/TFS-
Assets/LSG/Application-Notes/cms_043004.pdf).
Prepare the PCR mixture on ice; for one reaction you need:
— 10 pl of a buffer (we have used BioMaster HS-qPCR (2x),
(Biolabmix, Russia), but it can be replaced with any avail-
able analog),
— 3.5 pmol of forward primer,
3.5 pmol of reverse primer,
— 1.5 pmol of FAM-labeled probe,
1.5 pmol of VIC-labeled probe,
10 ng of DNA,
— double-distilled H,O up to 20 pl.

Mix all the listed components, except for the DNA sample,
in a microtube while taking into consideration the number of
the samples (with a 10 % excess of the mix). Place the DNA
samples directly into wells of the PCR plate, then add 18 pl
of the mix into each well, vortex, and centrifuge down.

Check the performance of the new primers and probes by
means of several DNA samples and select optimal annealing
temperatures first. Optimal concentrations of primers and
probes may also differ from those given above, but the final
concentrations of probes are usually at least 2 times lower than
those of primers (https://www.bioline.com/mwdownloads/
download/link/id/3301//p/i/pi-50201 _sensifast probe hi-rox
one-step_kit v11.pdf).

PCR program:
1. Initial denaturation, 95 °C for 3 min,
2. Amplification and detection (40 cycles):

denaturation, 95 °C for 10 s,

primer annealing and elongation with signal detection,

60 °C for 30 s.

The outcome of PCR with the chosen primers and probes
for SNP rs11121704 is presented in Figure 7.

Because T,, of an oligonucleotide is the temperature at
which half the population of oligo molecules is molten and
half is double-stranded, the recommended annealing tem-
perature should be approximately 5 °C lower than the lower
T, between the two primers, because under such conditions,
both primers will bind almost completely to the complemen-
tary strands. In practice, due to possible inaccuracy of T,
calculation or discrepancies between the reaction conditions
and the conditions for which the calculation was performed,
the optimal temperature is selected empirically. We recom-
mend checking the interval [Tm,, — 5 °C...Tm,, + 5 °C],
where Tm,, is the average T,, value of the two primers. We
also recommend choosing conditions for two PCR mix ver-
sions: with probes or with an intercalating dye, for example,
SYBR Green. The melting curve plot will identify possible
nonspecific PCR products.

Elongation typically takes ~1 min per 1,000 bp. Often, if
the annealing temperature is greater than 60 °C, this step is
combined with the previous one, and elongation occurs at the
annealing temperature. Although the temperature optimum for
most Taq polymerases is approximately 75-80 °C, elongation
cannot occur at temperatures higher than the melting point of
the probes.
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Fig.7.Theresult of allelic discrimination using probes for SNP rs11121704.

Orange dots represent homozygotes of the reference allele (C/C), green tri-
angles represent heterozygotes (C/T), and blue squares represent homozy-
gotes of the alternative allele (T/T).

Conclusion

Genotyping by allele-specific PCR is an effective and accurate
way to detect genetic variants. Advantages of this method are
its specificity, sensitivity, low cost, and quick results. It makes
it possible to distinguish different alleles in the genome by
one-step PCR without additional product separation steps;
accordingly, it is particularly useful for genetic association
studies in molecular genetics and medicine.
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Thanks to developments in technologies for the synthe-
sis of oligonucleotides and improvements in methods for
designing primers and probes, we can expect expansion of
the possibilities offered by this approach in the diagnosis of
hereditary diseases. In this article, we discussed in detail the
criteria and conditions for optimizing successful design prim-
ers and oligonucleotide probes for allele-specific PCR. We
hope that the presented protocol will enable research groups
to independently design their own effective assays for testing
for polymorphisms of interest.
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«BaBWIOBCKMI XypHas reHeTuKn 1 cenekumm»/“Vavilov Journal of Genetics and Breeding”
10 2011 r. BbIXogMN nog HaseaHem «/IHGOopMaLMOHHBIN BECTHUK BOTMC»/
“The Herald of Vavilov Society for Geneticists and Breeding Scientists”.

CeTeBoe n3aaHNe «BaBUNOBCKMI XypHa reHeTUKN 1 cenekuum» — peectposas 3anucb CMU
3n Ne ®C77-85772, 3apernctpupoBaHo OeaepanbHO cinyx6011 no Haa3opy B chepe cBA3N,
NHOOPMALIMOHHbIX TEXHOMOT U 1 MAaCCOBbIX KOMMYHMKaLui 14 aBrycTta 2023 T.

M3paHune BkntoueHo BAK MnHobpHayku Poccum B MepeyeHb peLieH3npyemMblx HayuYHbIX U3[aHui,

B KOTOPbIX AOIKHbI 6bITb ONy6A1MKOBaHbl OCHOBHbIE pe3yfbTaTbl AMCCepPTaLMIi Ha COMCKaHUe YYeHOoN
CTeneHn KaHAMAaTa Hayk, Ha CoMCKaHne yYeHol CTeneHn oKTopa Hayk, Russian Science Citation Index
Ha nnatdopme Web of Science, Poccuicknii niaekc HayuyHoro umtrposaHus, BUHUTI, Web of Science CC,
Scopus, PubMed Central, DOAJ, ROAD, Ulrich’s Periodicals Directory, Google Scholar.

OTKpPbITbIN JOCTYM K MOSIHBIM TEKCTaM:
pyccKkoasbluHaa BepcuA — Ha caiTe https://vavilovj-icg.ru/
1 nnatdopme HayuHo anekTpoHHoI 6nbnuoTekuy, elibrary.ru/title_about.asp?id=32440

aHrnos3blyHas Bepcus — Ha caite vavilov.elpub.ru/index.php/jour
n nnatopme PubMed Central, https://www.ncbi.nlm.nih.gov/pmc/journals/3805/

|-|pl/l nepeneyaTtke MmatepunasioB CCblJika ob6s3aTenbHa.

X email: vavilov_journal@bionet.nsc.ru

M3patenb: ®epeparnbHoe rocyfapCcTBEHHOE OIOXKETHOE HayYHOe yupexaeHne

«DefiepanbHbll nCCnefoBaTenbCKUM LEHTP VIHCTUTYT LMTONOMMMN U reHeTUKMN

Cunbupckoro otaeneHns PoCccMNCKom akagemmnm Hayk»,

npocneKkT Akagemuka JlaBpeHTbeBa, 10, HoBocnbupck, 630090.
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