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FEHETUKA U CENEKUWA PACTEHUN BaBumnoBcKui xypHan reHeTuku n cenekymm. 2020;24(8):813-820

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.678

Physiological responses to water deficiency in bread wheat
(Triticum aestivum L.) lines with genetically different leaf pubescence

S.V. Osipoval @, A.V. Rudikovskiil, A.V. Permyakovl, E.G. Rudikovskaya!, M.D. Permyakoval,
V.V. Verkhoturov?, T.A. Pshenichnikova?®

! Siberian Institute of Plant Physiology and Biochemistry of Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia
2 nstitute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

3 National Research Irkutsk State Technical University, Irkutsk, Russia

#Irkutsk State University, Irkutsk, Russia

&) e-mail: svetlanaosipova2@mail.ru

Abstract. Studying the relationship between leaf pubescence and drought resistance is important for assessing Triti-
cum aestivum L. genetic resources. The aim of the work was to assess resistance of common wheat genotypes with
different composition and allelic state of genes that determine the leaf pubescence phenotype. We compared the
drought resistance wheat variety Saratovskaya 29 (S29) with densely pubescent leaves, carrying the dominant alleles
of the HIT and HI3 genes, and two near isogenic lines, i: 529 hl1, hi3 and i: S29 HI2¢P, with the introgression of the addi-
tional pubescence gene from diploid species Aegilops speltoides. Under controlled conditions of the climatic chamber,
the photosynthetic pigments content, the activity of ascorbate-glutathione cycle enzymes and also the parameters of
chlorophyll fluorescence used to assess the physiological state of the plants photosynthetic apparatus were studied in
the leaves of $S29 and the lines. Tolerance was evaluated using the comprehensive index D, calculated on the basis of
the studied physiological characteristics. The recessive state of pubescence genes, as well as the introduction of the ad-
ditional HI29¢P gene, led to a 6-fold decrease in D. Under the water deficit influence, the fluorescence parameters profile
changed in the lines, and the viability index decreased compared with $29. Under drought, the activity of ascorbate
peroxidase, glutathione reductase and dehydroascorbate reductase in the line i: S29 hl1, hi3 decreased 1.9, 3.3 and
2.3 times, in the line i: S29 HI29¢P it decreased 1.8, 3.6 and 1.8 times respectively, compared with $29. In a hydroponic
greenhouse, line productivity was studied. Compared with S29, the thousand grains mass in the line i: S29 h/1, h/3 under
water deficit was reduced. The productivity of the line i: S29 HI2?¢P was significantly reduced regardless of water supply
conditions in comparison with S29. Presumably, the revealed effects are associated with violations of cross-regulatory
interactions between the proteins of the trichome formation network and transcription factors that regulate plant
growth and stress response.

Key words: drought tolerance; leaf pubescent genes; isogenic lines; Triticum aestivum L.; chlorophyll fluorescence;
ascorbate-glutathione cycle enzymes; productivity.

For citation: Osipova S.V., Rudikovskii A.V., Permyakov A.V., Rudikovskaya E.G., Permyakova M.D., Verkhoturov V.V.,
Pshenichnikova T.A. Physiological responses to water deficiency in bread wheat (Triticum aestivum L.) lines with geneti-
cally different leaf pubescence. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2020;24(8):
813-820. DOI 10.18699/VJ20.678

dusmonornyecKye peakuum JMHni rmineHuisl (Triticum aestivum L.)
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Physiological responses to water deficiency in bread wheat
(Triticum aestivum L.) lines with genetically different leaf pubescence

ro cOCToAHUA POTOCMHTETMYECKOrO annapaTta pacTeHuin, cogepx aHme GOTOCUHTETUYECKUX MUTMEHTOB U aKTUBHOCTb
depmeHTOB ackopbaT-rnyTaTMoOHOBOIO UMKna B MNCTbAX C29 1 NMHNUIA. YCTONUMBOCTb ONpeaensany C NOMOLLbIO KOM-
nnekcHoro nHaekca D, paccumMTaHHOro Ha OCHOBE M3yUYeHHbIX GU3NONOTNYECKMX NPU3HAKOB. PeLileccMBHOe CcOCToAHME
reHOB ONyLUEeHUs, Kak 1 BBeeHNe AOMONHUTENbHOIO reHa HI29%P, nprnBenu K 6-KpaTHOMY CHUXKeHMto 3HaueHui D. Moa
BO3JeNCTBMEM BOAHOIO feduumTa y IMHNA MeHANCA Npodusib NnapameTpoB GiyopecLeHLNN U CHUKANCA MHAOEKC »KI13-
HecnocobHOCTY Mo cpaBHeHMo ¢ C29. AKTMBHOCTb ackopbaTnepoKcraasbl, MyTaTMOHPeAyKTasbl U Aervapoackopba-
TpepyKTasbl B IMCTbAX NUHWUK i: C29 hlT, hi3 ymeHbwanack B 1.9, 3.3 1 2.3 pa3a, B IMCTbAX MUHWK it C29 HI29¢P — B 1.8,
3.6 1 1.8 pa3a COOTBETCTBEHHO MO cpaBHeHuto ¢ C29. B ycnoBmAx ruaponoHHON TeMAnLbl N3yyeHa NPOAYKTUBHOCTb
nnHUiA. Mo cpaBHeHunto ¢ C29 y nunnm i: C29 hl1, hi3 npu BogHOM fedurumnte Obina CHUXKEHa Macca Tbicaum 3epeH. Mpo-
LYKTUBHOCTb NUHWK i: C29 HI29€P Gbina 3HAUMTENbHO HIXKE HE3aBUCUMMO OT YCJIOBUIA BOJOCHAOXEHUS B CPAaBHEHUN C
C29. MpepnonaraeTcs, 4To BbiABNEHHbIe 3PPeKTbl CBA3aHbI C HAPYLUEHNAMM NEePEKPECTHbIX PEryNATOPHbIX B3aMMo-
LeCTBUIN 6enkoB ceT GOPMUPOBAHUA TPUXOM U GaKTOPOB TPAHCKPUMNLMM, KOTOPble KOHTPONUPYIOT POCT PacTeHU
1 peaKLumio Ha cTpecc.

KntoueBble CoBa: 3aCyX0YCTONYMBOCTb; FeHbl ONYyLIEeHNA NNCTA; U30reHHble NuHuK; Triticum aestivum L.; dnyopecuen-

LA xnopodunna; pepmeHTbl acKopbaT-rnyTaTVOHOBOIO LIMKA; MPOAYKTUBHOCTD.

Introduction

The spring bread wheat (7riticum aestivum L.) variety Saratov-
skaya 29 (S29) is one of the most famous varieties created in
Russia, as it has high drought tolerance and outstanding grain
quality (Ilyina, 1989). These properties characterize S29 as a
valuable genetic resource, used for obtaining not less than 155
other varieties. One of the characteristic features of the variety
is the dense pubescence of the leaf blade. Among 47 genotypes
of bread wheat and relative species studied for the diversity
of this trait, the leaf pubescence in S29 was distinguished by
its high density and trichomes length (Pshenichnikova et al.,
2017). Obviously, such morphological adaptations make a
significant contribution to the drought tolerance of this variety.

The trichomes are best known as excess sunlight reflec-
tors (Ehleringer et al., 1976). The recent studies showed that
trichomes can play a significant role in the water balance of
leaves, affecting their wettability, droplet retention, and water
absorption (Bickford, 2016). The dense trichomes layer can
increase water use efficiency indirectly, promoting dew for-
mation and reducing the difference in water potential inside
the leaves and in the air. This allows stomata to be kept open
longer, allowing for an influx of carbon dioxide without exces-
sive water loss (Konrad et al., 2015).

Among the cultivated plant species, the physiological role
of leaf pubescence is poorly studied. In Oryza sativa L. in-
trogression of a chromosome segment from the wild species
Oryza nivara increased leaf pubescence, reduced transpira-
tion rate and increased water use efficiency due to increased
stability of the boundary air layer (Hamaoka et al., 2017). The
only experiment in 7. aestivum L. showed that the stomatal
conductivity and the photosynthetic rate in substituted and
near-isogenic lines with genetically different leaf pubescence
were inversely proportional to the density and trichomes length
(Pshenichnikova et al., 2019).

In bread wheat, several genes are known today that deter-
mine a different phenotype of leaf pubescence. The H// and
HI2 genes were localized and mapped on chromosomes 4B
and 7B, respectively (Maystrenko, 1976; Taketa et al., 2002;
Dobrovolskaya et al., 2007). The HI3 gene not yet assigned
to a specific chromosome was genetically detected in the
spring cultivar S29 (Doroshkov et al., 2011). In addition to
them, the gene HI2¢? allelic to the gene HI2 was identified,
introgressed into bread wheat from the species Ae. speltoides

(Pshenichnikova et al., 2007). HII and HI3 affect to a greater
extent on trichomes initiation and growth, while HI2 regulates
the length of trichomes (Doroshkov et al., 2016). Knowledge
of the relationship of these genes with the physiological
characteristics of drought tolerance and grain productivity is
necessary for their including in the breeding process.

Two near-isogenic lines with a different composition and
allelic state of HI genes were developed on the genetic base
ofthe drought-tolerant wheat cultivar S29. The line i: S29 A/1,
hl3 carry the recessive alleles of H// and HI3 genes which
are dominant in the recipient. The line i: S29 HI29¢P carries
the gene for a long pubescence in addition to the two own
dominant genes of the recipient. Previously, photosynthetic
indicators were studied in these two lines under natural light
and contrasting water supply. The lines were found to be
contrast in terms of gas exchange (Pshenichnikova et al.,
2019). However, no clear answer was obtained in respect of
the pubescence influence on the parameters of chlorophyll
fluorescence, which describe the physiological state of the
plants photosynthetic apparatus (Goltsev et al., 2016).

The aim of this work was to assess the drought resistance
of wheat by a wide range of physiological characteristics
and productivity, depending on the presence of dominant or
recessive alleles of the genes or the additional H/29¢P gene,
which determine the phenotype of leaf pubescence. Among the
physiological traits were chlorophyll fluorescence indicators,
including the OJIP-test parameters, the content of photosyn-
thetic pigments and the effectiveness of the ascorbate-gluta-
thione cycle, which, as know, is a powerful defense of cellular
structures from oxidative damage (Foyer, Shigeoka, 2011).
The resistance to drought was assessed with using the com-
prehensive score of drought D (Cao et al., 2015), calculated
on the basis of the tolerance indexes of physiological traits.

Materials and methods

Plant material. The object of the research was the drought-
tolerant wheat spring cultivar S29 carrying two genes (H//
and HI3) for leaf pubescence and two near-isogenic lines
with contrasting leaf pubescence. Line i: S29 hll, hi3 was
obtained by crossing the S29 cultivar with the non-pubescent
Rodina cultivar carrying the recessive alleles of these genes.
In the process of 8-fold backcrossing on the recipient cultivar,
non-pubescent plants were selected. Line i: S29 H[29¢P was
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obtained by crossing the S29 cultivar with the introgressed line
102/00', which carries the HI29¢ gene from the Ae. speltoides.
Then, an 8-fold backcrossing was carried out on the recipi-
ent cultivar with the selection of plants bearing introgressed
pubescence. The line i: S29 A/, hi3 has a poor pubescence,
while the leaves of the second line were densely pubescent.
The origin, genetic characteristics and the quantitative charac-
teristics of the pubescence in leaves of the near-isogenic lines
have been described in detail earlier (Doroshkov et al., 2016;
Pshenichnikova et al., 2019).

Experimental conditions. Physiological parameters were
studied under controlled conditions of the climatic chamber
CLF PlantMaster (CLF Plant Climatics GmbH, Wertingen,
Germany), mounted in the phytotron of Siberian Institute of
Plant Physiology and Biochemistry of Siberian Branch of the
Russian Academy of Sciences (Irkutsk, Russia). The mixture
consisted of humus, sand and peat (1: 1: 1) was used as soil for
plant growing. A 16-hour photoperiod was maintained with
a light intensity of 300 umol (photon)/m=2-s~!, a day/night
temperature 23/16 °C and a relative humidity of 60 %. Each
pot (19 cm diameter, 0.24 cm high, containing 4 kg soil) was
planted with ten grains. For each line, one pot was maintained
in a state of optimal water supply, which was 60 % of the
total soil moisture capacity (control), while in the second pot,
starting from the stage of three leaves, watering was limited
until the water content in the soil decreased to 30 % from the
full moisture capacity of the soil (water shortage or drought).
This model of drought corresponds to the climatic conditions
of Western and Eastern Siberia in the spring.

Yield components of the lines was studied in a hydroponic
greenhouse in the Institute of Cytology and Genetics of Sibe-
rian Branch of the Russian Academy of Sciences (Novosibirsk,
Russia) during two seasons. Plants were grown in the bathtubs
(size: 4x1x0.35 m) filled with artificial soil “ceramzit” (ex-
panded clay), Knop’s solution was used for plant nutrition.
The near-isogenic lines and S29 were grown in rows in two
independent replicates consisted of seven plants. From seed-
lings to tillering stages, all plants in the bathtubs were watered
twice a day. After the beginning of tillering, two water supply
regimes were created in the bathtubs. At a control regime,
plants were continued to water twice a day until the end of
a season. In the second regime, water supply was stopped.
Moisture level was measured once a week on the depth 6 cm
using a moisture meter MG-44 (“AKVASENSOR”, Khar-
kov, Ukraine). The moisture value in the control variant was
28-30 % in average during the season. In the second variant,
the moisture level gradually decreased from the control level
and after a month of drought reached the constant value of
10-12 % in average. The following yield components were
measured: number of tillers, stem and spike length, the number
and weight of grains in main and secondary spikes. Thousand
grain weight was a calculated value.

Determination of Chl fluorescence parameters. The
measurements of the Chl fluorescence of leaves were carried
out using a portable impulse fluorometer PAM-2500 (Walz,
Effelrich, Germany). A total of 33 Chl fluorescence parameters
were measured and calculated. 13 of them were most sensitive
to water scarcity, and are shown in Fig. 1. In order to register
the minimal fluorescence yield of the dark-adapted state (F ),
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we darkened the leaves for 30 min and then illuminated them
with modulated measuring light of low frequency (5 Hz) and
low intensity (630 nm). The intensity of the Chl fluorescence
under conditions of closed reactive centers (F, ) was mea-
sured after the exposure of a light impulse of high intensity
(25,000 pmol (photon)/m=2-s7!, 630 nm). In addition, we cal-
culated the rate of electron transport (ETR), the real quantum
yield of PSII (Y(II)), quantum yield of unregulated fluores-
cence quenching (Y(NO)), coefficient of non-photochemical
fluorescence quenching (qN), coefficient of photochemical
fluorescence quenching (qP). Parameters lk and ETR ., were
calculated from the Chl fluorescence light curve (PAR range
from 0 to 2,000 pmol (photon)/m=2-s71).

The quantitative analysis of the characteristics of photosyn-
thesis primary processes based on parameters of fluorescence
kinetic curve was conducted using the OJIP-test, based on the
theory of energy pathways (Strasser et al., 2004). The follow-
ing parameters were calculated:

* V, = (Fy,s — Fy)/F, — relative variable fluorescence at
30 ms;

* PI?bs = (RC/ABS) x [@Po/(1—¢Po)] x[¥0/(1-¥0)] —
performance index, an indicator of the functional activity
of PSII;

e Mo=4x(F,;..—F,/(F,—F,) — the parameter reflects the
closing speed of the reaction centers of PSII;

e Rfd = (F,—F,)/F, — viability index (Lichtenthaler et al.,
2005).

Determination of photosynthetic pigments content and
enzymes activity in leaves. After determining the photo-
synthetic parameters, the leaf pieces were frozen with liquid
nitrogen and stored at the temperature of —80 °C. The content
of pigments per gram of leaves dry mass and activities of
superoxide dismutase (SOD), glutathione reductase (GR),
dehydroascorbate reductase (DHAR) and ascorbate peroxidase
(APX) were determined and calculated as it was previously
described (Osipova et al., 2016).

Statistical analysis. Chl fluorescence was measured on the
flag leaves of four plants per line. The content of pigments and
the enzymes activity were determined in three biological and
three analytical replicates. One plant of each line was taken
for the biological replicate. Yield components were studied
in each season, in two replicates; in all, the measurements
were made for twenty-four plants of each line under drought
and in control conditions. All the comparisons were made
with S29. Microsoft Excel 2010 (Microsoft Corp., Redmond,
WA, USA) was used for data processing and histogram plot-
ting. The statistical significance of the differences between
the recipient variety and the wheat lines from the measured
parameters was compared with the Student’s test. Means were
considered to be significantly different when p < 0.05. The
statistics package PAST (Hammer et al., 2001) was used for
principal component analysis (PCA). The drought tolerance
index (IT, %) for each parameter was calculated as shown in
the following formula:

the value of the drought

the value of the control 100 %.

IT (%) =

The data from PCA were used in further calculations of com-
prehensive drought tolerance values D (Cao et al., 2015).
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a — Control
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ETRmax ETR
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b
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Fig. 1. Relative deviation of chlorophyll fluorescence parameters (in %)
under drought compared to control (watering 100%) in S29 (a) and lines
i: 529 HI2aesp (b) and i: S29 hl1, hi3 (c).

*p<0.05*p<0.01;**p<0.001.

Fo — minimal fluorescence yield of the dark-adapted state; Fy, — maximal
fluorescence yield of the dark-adapted state; Y(Il) - real quantum yield of
PSII; Y(NO) - quantum yield of unregulated fluorescence quenching; gN -
coefficient of non-photochemical fluorescence quenching; qP -coefficient
of photochemical fluorescence quenching; ETR - rate of electron transport
provided by PSII; ETR,,,, — maximum electron transport rate; Ik — intensity of
illumination, expressing the beginning of PAR saturation; V, - relative variable
fluorescence at 30 ms; Mo relative the closing rate of the reaction centers of
PSII; PI2bS — PSI| performance index; Rfd — PSlI vitality index.
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Physiological responses to water deficiency in bread wheat
(Triticum aestivum L.) lines with genetically different leaf pubescence

Results

Effect of water deficit on fluorescence parameters of S29
and lines i: S29 Hi2%¢sP and i: S29 hll, hi3. The reaction of
the photosynthetic apparatus to water deficiency was signi-
ficantly different in the studied wheat genotypes. The thirteen
parameters most sensitive to water deficit are shown in Fig. 1.

In S29, the most noticeable changes were an increase of
ETR,,.« and Ik, statistically significant increase in qP, qN,
PI2bs and vitality index Rfd. Parameters Y(NO), Mo, and V;
in variety S29 decreased under conditions of water deficiency
(see Fig. 1, a). In the i: S29 HI2%¢P line the chlorophyll
fluorescence parameters remained unchanged under water
deficiency, with the exception of an increase in the viability
index Rfd (see Fig. 1, b). In line i: S29 A/, hi3, under water
deficiency, the parameters Y(I), P, ETR, ETR ., 1k, and Rfd
decreased statistically significantly compared to the control
(see Fig. 1, ¢).

Effect of water deficit on the antioxidant enzymes ac-
tivities in leaves of S29 and lines i: S29 H/29¢*? and i: S29
hll, hi3. Under adaptation to water deficiency of cv. S29, the
activity of APX, GR, and DHAR in leaves were higher than
under optimal conditions (Fig. 2, b—d).

In the leaves of line i: S29 HI29¢P the activities of this
enzymes were significantly lower compared to S29 under
drought conditions; moreover, GR and DHAR activities in
this line were lower during drought compared to the control.
The activities of APX, GR and DHAR in the line i: S29 All,
hl3 were significantly reduced compared to S29 regardless
of water supply conditions. SOD activity was also reduced
compared to S29 under drought conditions in lines, most
significantly in the line i: S29 hlI, hi3 (see Fig. 2, a).

Effects of water deficit stress on the photosynthetic pig-
ments content in leaves of S29 and lines i: S29 HI2¢? and
iz S29 hll, hi3. The content of chlorophylls and carotenoids
in the leaves of S29 did not change depending on the water
supply conditions (Suppl. Material 1)!. Under optimal irriga-
tion conditions, the lines significantly exceeded the initial
variety in the content of photosynthetic pigments. Under
conditions of water deficiency, the content of chlorophylls and
carotenoids in the lines decreased. In the line i: S29 H[24esp,
the decrease in the content of chlorophyll b and carotenoids
was significantly lower than in S29. Regardless of the con-
ditions, the ratio chlorophyll a+b/carotenoids was higher
in the line i: S29 All, hi3 compared to the original variety.
This is due to the higher content of chlorophylls in the leaves
of this line. The tolerance index of photosynthetic pigment
content in both lines was reduced compared to S29 (Suppl.
Material 2).

Principal component analysis and calculation of the
comprehensive evaluation value. The drought tolerance
coefficients for 14 physiological traits were involved into
PCA (see Suppl. 2). The cumulative contribution rates of PC,
and PC, accounted for 100 % of the total variation (Suppl.
Material 3). PC, accounted for 84.9 % of total variation and
was constituted mainly by ITs of GR and DHAR activities
and ETR,,,. PC, explained 15.1 % of the total variation with
SOD and DHAR activities, ETR,,,,, and lk being the largest

" Supplementary Materials 1-3 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/SupplOsipova_engl.pdf
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Fig. 2. The average activity of superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR) and dehydro-
ascorbate reductase (DHAR) in the leaves of $29 and lines i: S29 HI2°*% and i: S29 hl1, hI3 under normal irrigation and drought.

* Significant differences with S29, p < 0.05.

contributors. Using the formulas of X. Cao et al. (2015), the
comprehensive evaluation value, D, was calculated. The
D value indicated the relative level of drought tolerance in
the different wheat genotypes subjected to drought stress.
Based on this criterion, S29 with a D value of 0.948 had
the highest drought tolerance. The lines i: S29 HI2%¢P and
i: S29 hll, hi3 had D value of 0.150 and 0.160, respectively.
Thus, a comprehensive value D, which takes into account 14
physiological indicators, showed that both near-isogenic lines
had a significantly reduced level of resistance compared to
the original cultivar. The greatest contribution to these differ-
ences was made by such indicators as the activity of GR and
DHAR, as well as the parameters of the light curve ETR .«
and lk.

The productivity evaluation of S29 and lines i: S29 HI29¢p
and i: S29 hl1, hi3 in different conditions of water supply.
The recipient variety significantly exceeded the line with
the additional gene H/2¢? for leaf pubescence. Most of the
yield components of the line i: S29 H/2%¢P were significantly
reduced, regardless of the water supply conditions (Table).

Inhibition of plant development was observed starting from
tillering; a reduced yield was formed both on the primary and
secondary spikes. This line was also significantly inferior in
productivity to the line with recessive genes HI/ and HI3 for
leaf pubescence. Cv. S29 reduced the productivity of second-
ary tillers under drought, but thousand grain weight decreased
slightly. The line i: S29 All, hi3 differed from S29 in reduced
productivity of the secondary tillers under irrigation conditions
(see Table). Under drought, it exceeded the recipient in length
of the stem and the main spike, the number of grains in the
secondary spikes and the total number of grains. However,
thousand grain weight was lower compared to the original
cultivar. That is, the line i: S29 All, hi3 formed smaller grains
under water deficiency.

Discussion

Dense pubescence of the leaf blade is a morphological com-
ponent of adaptation of cv. S29 to drought conditions (Ilyina,
1989; Pshenichnikova et al.,2017,2019). On its basis, the two
near-isogenic lines with genetically modified morphology of
leaf pubescence were obtained. The line i: S29 A/1, hi3 with re-
cessive genes for this trait is characterized by a significant de-
crease in the density (6.6—14 times) and length (2.5-4.7 times)
of trichomes on different sides of the leaf and under different
conditions compared with S29. In line i: S29 HI29¢P with gene
introgression from Ae. speltoides, the density of trichomes on
different sides of the leaf and under different conditions in-
creased 1.08—1.17 times, and the length of trichomes increased
1.6 times compared to the recipient (Doroshkov et al., 2016;
Pshenichnikova et al., 2019). The lines are a convenient model
for studying the role that pubescence genes play in wheat
stress tolerance. Previously, we used the lines to assess the
relationship between the density and trichomes length and
gas exchange parameters (Pshenichnikova et al., 2019). In a
greenhouse with natural light, the transpiration rate, stomatal
conductivity, and the rate of photosynthesis of S29 and lines
were inversely proportional to the density and length of tri-
chomes, which is consistent with the data of N. Hamaoka et al.
(2017) forrice. The highest water use efficiency, calculated as
the relation photosynthesis rate / transpiration rate was in S29.
The water use efficiency at line i: S29 /1, hi3 was 1.9 times
lower under optimal conditions and 1.5 times lower under
drought compared to S29, since increased transpiration led
to water loss (Pshenichnikova et al., 2019).

An analysis of the chlorophyll fluorescence parameters in
this experiment showed that, when adapting to drought, S29
was characterized by a significant increase in the light curve
parameters ETR ., and lk, an increase in the qP parameter,
and a significant (30%) increase in the PSII viability coef-
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Average values of yield components in cv. Saratovskaya 29 and the lines i: S29 HI29¢* and i: S29 hl1, hi3
under normal watering and drought grown under hydroponic green-house conditions on artificial soil

Yield component Saratovskaya 29 i: 529 H[29¢P i:S29 hl1, hi3

Norma| ............ Drought ........ |T% ...... Norma| .............. Drought ............ |T% ...... Norma| ............... Drought ........... |T% .....
Numberofu”ers ................... 48i10 ........... 23106 ......... 479 ....... 38108*** ........ 24107 ............ 632 ....... 43+10 .............. 26106* .......... 605 ......
Stem length,cm 958468  799+104 834 806+91°  822+110 917 97995  894%72" 913
.......................................................................................................... Themamsp,ke
Lengthcm ............................ 74104 ........... 67i06 ......... 905 ....... 72i06 ............. 67107 ............ 931 ........ 76105 .............. 72i04*** ...... 947 ......
Grainnumber 265431 258%37 974 22539 212465 942 25346 259435 1020
Grainweightg 112402 088+02 786 084+02"* 065£02"* 774 10902  088%02 807
......................................................................................................... Secondary“”ers
Grainnumber 7734186 264174 342  496+162" 208+87° 419 658+214  340£105% 517
Gra.nwe.ghtg ...................... 29109 ........... 033io3 ....... 23616104*** ........ 067102* ........ 419 ....... 25i08*10i04 ........... 400 ......
................................................................................................. Tota|product|\,.tyofp|ant
Grainnumber 10138247 50.1£85 495 6182267 302159 634 936%265  576+123° 615
Gramwe,ghtg ...................... 40¢10 ........... 17104 ......... 425 ....... 25J_,05***134_,05** ......... 520 ....... 36i1019106 ........... 528 ......
Thousand grainweight, g 39.1£56  338+48 864 348:39  208+59" 856 397436  304:42° 766

*p<0.05; % p <0.01; " p <0.001 in comparison with $29 on corresponding watering regime.

ficient Rfd. These data indicate that S29 can stably support
PSII functions, increasing the fraction of light energy used
for photochemical reactions and the rate of assimilation of
photosynthetic CO, under drought conditions (Lichtenthaler
etal., 2005). The content of photosynthetic pigments was also
stable. A significant increase in APX, DHAR, and GR activity
was observed in S29 leaves under drought which contributed
to the maintenance of structural and functional the integrity of
the photosynthetic apparatus and the maintenance of the ascor-
bic acid (Asc) pool (Foyer, Shigeoka, 2011). Under conditions
of water deficiency Asc, in addition to the antioxidant role,
can be the donor of electrons in the photosynthetic electron
transport chain (T6th et al., 2013). Thus, at the cellular level,
the high drought tolerance of S29 was associated with a high
antioxidant ability and preservation of the functions of the
photosynthetic apparatus (PhA).

Introduction of the additional pubescence gene H[2¢¢sP
into the genotype of S29 led to an increase in the length
of trichomes (Pshenichnikova et al., 2019) and significant
changes in the physiological responses to water deficiency.
Unlike S29, the chlorophyll fluorescence parameters of the
line i: S29 Hi29¢ did not change under drought compared
to optimal conditions except for a slight increase in the Rfd
index. At the same time, APX, GR, and DHAR activities in
the line were reduced 1.8, 3.6, and 1.8 times, respectively,
compared with the recipient. Since maintaining the redox
state of Asc through recycling is critical under stressful condi-
tions (Gallie, 2013), a significant decrease in DHAR activity
in the line i: S29 HI2%¢ could lead to a decrease in the Asc
content. At low concentrations of Asc, the activity of APX into
chloroplasts is rapidly lost in the presence of H,O,. These in
turn limits the effectiveness of photosynthesis under stressful
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conditions (Ishikawa, Shigeoka, 2008). The high content of
chlorophylls and carotenoids comparable to the recipient S29
under optimal conditions did not retained under drought. It is
likely that a significant decrease in the line productivity, both
under favorable conditions and under drought, is associated
with the observed inhibition of physiological processes.

The recessive state of the H// and HI3 genes in the line
i: S29 hli, hi3 also led to a significant weakening of the an-
tioxidant potential. As in the previous line, SOD, APX, GR,
and DHAR activities under drought were reduced at the same
manner: 1.4, 1.9, 3.3, and 2.3 times, respectively, compared
with the recipient S29. Chlorophyll fluorescence parameters
indicated disturbances in the functioning of PhA under stress,
since the real efficacy of PSII, ETR and ETR ., PSII viability
coefficient (Rfd), and photosynthetic fluorescence quenching
(qP) significantly decreased. The content of leaf pigments
also decreased. Trichomes formation and accumulation of
phenolic compounds are interconnected at the molecular level
(Pattanaik et al., 2014; Zhang, Schrader, 2017). Due to the
diffuse deposition of phenolic compounds in the cell walls,
trichomes provide a protection against ultraviolet radiation by
acting as optical filters, shielding wavelengths that can dam-
age sensitive tissues (Karabourniotis et al., 2020). Therefore a
further increase of a light load may lead to even more dramatic
changes in the operation of the photosynthetic apparatus of
the i: S29 All, hi3 line. Changes in yield components of the
line i: S29 All, hi3 were less pronounced compared to the line
i: S29 Hi2¢esp, Under drought, it was even more productive
than the recipient cultivar. The increase in productivity was
due to the number of grains of the secondary spikes. How-
ever, the line gave smaller grains which negatively affects
the output of flour. It can be assumed that the decrease in the
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stability of the photosynthetic apparatus found in the line led
to a disruption in the synthesis of simple carbohydrates in
line i: S29 All, hl3. This, in turn, reduced the level of starch
synthesis associated with 1,000 grain mass and productivity
(Wang et al., 2019). The values of the comprehensive drought
tolerance index D, calculated on the basis of physiological
parameters, in the lines were 6 times lower compared to S29.

The genetic regulation of trichomes formation in wheat has
not been studied enough to unambiguously explain the reasons
for the negative impact of manipulations with the H//, HI3, and
HI24esp genes on tolerance to water deficiency. A well-studied
genetic network for the development and differentiation of
Arabidopsis trichomes may be a model in this regard. Dozens
of genes are involved in this network. The vast majority of
the products of these genes are transcription factors. They are
components of the regulatory network of trichomes initiation,
root hairs formation, and flavonoid biosynthesis involved in a
large number of cross-regulatory protein-protein interactions
(Pesch, Hiilskamp, 2004, 2009; Pattanaik et al., 2014; Zhang,
Schrader, 2017). For example, P. Achard et al. (2008) showed
that transcription levels of Cu/Zn superoxide dismutase are
positively modulated by proteins of the DELLA regulatory
protein family. However, DELLA proteins interact with the
WD-repeat/bHLH/MYB complex, which is involved in the
regulation of development of trichomes (Qi et al., 2014). The
transcription factors GIS and GIS2 play an important role
in the integration of cytokinin and gibberellin signaling and
have regulatory interactions with the proteins of the trichomes
initiation network GL1, SRY and GL3, thereby affecting the
functioning of the initiating complex of trichomes formation
(Gan et al., 2007). These and other examples available in the
literature indicate that genes that control the development of
trichomes are linked by cross-regulatory interactions with
transcription factors that regulate hormonal signaling, stress
responses, including antioxidant response and developmental
programs. Based on knowledge of the regulation of trichomes
formation in Arabidopsis, we assume that the effects identi-
fied in our work, namely, the negative impact on physiologi-
cal stability and yield of wheat of the recessive state of the
HII and HI3 genes or the introgression of the HI24¢P gene,
are probably associated with violations of cross-regulatory
protein-protein interactions prevailing in the genotype of the
recipient cultivar S29.

Conclusion

Changes in the composition and allelic state of HI genes
influenced not only the quantitative characteristics of leaf
pubescence, but also stability of photosynthetic pigments con-
tent, chlorophyll fluorescence indexes, activity of ascorbate-
glutathione cycle enzymes, and productivity of near-isogenic
lines of bread wheat. The comprehensive drought tolerance
index D, calculated on the basis of physiological indicators,
was 6 times lower in the lines compared to S29. Regardless of
the water supply conditions, all yield components significantly
decreased in the line i: S29 HI2¢?, and in the line i: S29 hll,
hi3 the weight of 1,000 grains decreased as compared to S29.
It is assumed that these effects are associated with changes in
the cross regulatory interactions of proteins involved in the
formation of trichomes, and transcription factors that regulate
growth, development, and reactions to stress factors.
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BO3MOXHOCTU U ITePCIeKTUBbI POPMUPOBAHUSI
reHeTU4YeCKOM 3alllThbl MATKOI ITIII€HUIIbI
OT cTebIeBOI p>KaBUMHBI B 3aragHoi Cudupu

B.H. Keap6uu®, E.C. CkoroTHeBa, E.A. Caanna

DepepanbHbii NccnefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
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AHHoTauua. CoBpeMeHHble nccnefoBaHna Npobnembl YCTONUMBOCTM MATKOW MLLEHMLbl K CTe6NEBOIN prKaBUMHe
BKJIIOYAIOT [1IBa OCHOBHbIX HanpaBieHWsA: OLEHKY YCTONUYMBOCTY KOMUTEKLMIA MAFKOW MLIEeHULbl K 3aboneBaHuio ¢
NMOMOLLbIO MONEKYNAPHBIX MaPKEPOB K U3BECTHbIM FeHaM YCTONUYMBOCTM B LOMONHEHME K MONIEBOMY CKPUHVHTY Ma-
Tepurasna v 1labopaTopHbIM TeCTaM K 06pasLiam pasinyHbIX MOMyaaLmi rpuba; Nonck UCTOYHUKOB 11 JOHOPOB HOBbIX
reHOB U FeHHbIX JIOKYCOB, B TOM YMCIe Cpefm KyNbTYPHbIX N AUKOPACTYLLUX POAUYEN NileHnLbl. Ana foCTKeHNA
aAEeKBaTHOrO reHeTNYECKOro KOHTPOJA 3ab60N1eBaHNA BaXKeH UHTErPanbHbIN MOAXOA, BK/IOUAIOLWMIA KaK AaHHbIE 06
MNCTOYHMKaX YCTONUMBOCTY, TaK 1 akTyarnbHble CBEAEHNA O AeNCTBYIOLNX B PErMOHE NaToreHHbIX Nonyaaunax, ux
pacoBOM cocTaBe U AUHAMUKe FreHOB BUPYIEHTHOCTU. Pe3ynbTaTbl aHaiM3a SKCnepuMeHTanbHbIX AaHHbIX NONEBOro
CKPUHWHIA YCTOMYMBOCTU K CTEONEBON PXKaBUMHE COPTOB MATKOW MLIEHULbI U3 Konnekuuy nutomHmkos CIMMYT
B ycnoBusax OMckol n HoBocnbupckoii obnacteit, a TakxKe 1abopaTopHOro TeCTUpoBaHUs 06pa3LoB MHEKLMU Ha
MeXAyHapoAHOM Habope NieHNYHbIX TMHUA-ArdPepeHLMaTopOoB NO3BONAIOT NPefnonarath, YTo Ha TEPPUTOPUN
3anagHon Cnbrpwn n AnTaiickoro Kpas cyllecTByeT 060cobneHHas, «asmnaTckasy, nonynauna Puccinia graminis f. sp.
tritici. Mpy 3TOM NPaKTUYECKWIA MHTEPeC ANA COBPEMEHHbIX NMPOrpamMmmM onepexatoLier ceneKkumm nweHnLbl Ha M-
MYHUTET K cTebneBoli pxaBuviHe B ycnoBuax 3anagHon Cnbvpwy npeactaBnaioT reHbl yCTONUMBOCTY Sr2, Sr6Ai#2,
Sr24, 5r25,5r26, Sr31, Sr39, 5r40, Sr44 v Sr57. B HacTosAwwem 0630pe NpoaHanv3npoBaHbl UCTOYHWUKN FeHOB, COXPaHSA-
oLMX 3GPeKTUBHOCTB K 3anafHOCMOMPCKO nonynauum P. graminis, C Lienbio ynpoLyeHrsa NepBrYHOro tana oteo-
pa cenekLMOHHOro MaTepuasna AnAa co3faHna YCTOMUYMBOro reHoTUNa nyTemM NMPaMmManpoBaHna reHoB. OnrcaHbl
OCHOBHble TpeboBaHUA, NpeabABAsAeMble K GUTONATONOMNMUYECKOMY TECTUPOBAHMIO CeNEKLVIOHHOTO MaTepurana.
CocTaBnieH CNUCOK MONEKYNAPHBIX MapKepOB K YKa3aHHbIM FreHam YCTOMYMBOCTU — KakK LUIMPOKO MPUMEHAIOLWMXCA
B MapKepP-OPVEHTNPOBAHHON CeneKLuu, Tak 1 TpebyoLmnx BepudukaLmn.

KnioueBble cnoBa: MArkas nieHunLa; ctebnesan pxkaBymHa; reHbl yCTOMYMBOCTU; MapKep-OpUEHTUPOBaHHAA cenekx-
uma; prTonaTonornyeckoe TeCTMpoBaHue.

Ana untupoBaHusa: KenbbuH B.H., CkonoTtHeBa E.C., CanuHa E.A. BO3MOXHOCTY 1 NepcneKkTrBbl $OopMMpPOBaHUA
reHeTUYECKON 3aLMTbl MAFKON MNWeHNLUbl OT cTebneBol pXkaBUMHbI B 3anagHoin Cnubupu. Basunosckul xypHan
2eHemuku u cestekyuu. 2020;24(8):821-828. DOI 10.18699/VJ20.679

Challenges and prospects for developing genetic resistance
in common wheat against stem rust in Western Siberia

V.N. Kelbin ®, E.S. Skolotneva, E.A. Salina

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
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Abstract. Current studies on bread wheat resistance to stem rust have two main subjects: complex analysis for re-
sistance of bread wheat germplasm using molecular markers, field screening and laboratory tests against samples
of different fungal populations, and searching for sources and donors of new genes and gene loci, including cul-
tivated and wild relatives of wheat. To achieve adequate genetic control of the disease, an integral approach is
important, incorporating both data on sources of resistance and relevant information on pathogenic populations
existing in the region, their race composition and dynamics of virulence genes. The analysis of experimental data
on field screening of bread wheat varieties from the CIMMYT nursery germplasm for stem rust resistance in the
Omsk and Novosibirsk regions, together with laboratory testing of infection samples on the international set of
wheat differential lines, suggests that a separate “Asian” population of Puccinia graminis f. sp. tritici exists in Western
Siberia and the Altai Territory. Wheat resistance genes Sr2, Sr6Ai#2, Sr24, 5r25, 5r26, Sr31, 5r39, 5r40, Sr44, and Sr57 are
of practical interest for advanced wheat breeding programs for stem rust immunity in Western Siberia. This review
provides an analysis of the gene sources that remain effective against the West Siberian population of P. graminis,
in order to facilitate the initial stage of selection of breeding material to develop a stable genotype by gene pyra-
miding. The basic requirements for conducting a phytopathological test of breeding material are presented. A list of
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molecular markers for the mentioned resistance genes, both widely used in marker-assisted selection and requiring

verification, has been compiled.
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BBepeHmne

J10 KOHITa IPOIILIOTO BeKa 3HAUNMOCTE 00JIe3HM, BRI3BAHHON
ouorpodubsIM TprbOM P. graminis, OblIa CHI)KEHA MOBCE-
MECTHO YCIIEITHBIMH ITPOrPaMMaMH CEJIEKIIMU HA IMMYHHUTET.
OpHako B MOCJeTHEE BpeMs IS PETHOHOB BO3ICIIBIBAHUS
MSITKOHM TIIEHUIBI XapaKTepHO YXyAlIeHHe (PUTONATOIO0TH-
YeCKol 00CTaHOBKH, CBSI3aHHOW CO CTEOJIEBOM PIKaBUMHOM:
Cesepnoii u FOxuoit Amepuxku (Singh R.P. etal., 2016), Boc-
tounoir Appuxu (Patpour et al., 2016), Actpanuu (Addai
et al., 2018), 3amagnoii EBponsr (Lewis et al., 2018) u Ka-
3axctana (Pcamuer A.C., Pcamues I1.C., 2018). Pa3Butuio
raToreHa IaBHBIM 00pa3oM CHOCOOCTBYIOT OJIaronpHsTHHIE
kiauMaruueckue yciaosus (Shamanin et al., 2013; Morgounov
et al., 2014). [IprarHON MaCCOBBIX AMU(PUTOTHI MIICHUITBI
B Yrauzge (1998-1999), Kenun u Dpuonuu (2005-20006),
Memene (2006), Mpane (2007) u [akucrane (2009) crano
MOSIBJICHNE M OBICTpPOE PacIpOCTpaHEHNE HOBOW arpecCHB-
Hoii pacer Ug99 (Prasad et al., 2016). CymecTByer peanbHas
yrpo3a IMopakeHus pacoil 1 ee MOAU(UKALMIMH, TaK HA3bI-
BaembIM cemeiictBom pac Ug99 (TTKSK, TTKSF, TTKST,
TTTSK, TTKSP, PTKSK, PTKST, TTKSF*, TTKTT,
TTKTK u TTHSK), mpon3BOACTBEHHBIX TTIOCEBOB MIIICHHIIBI
B Kazaxcrane u 3anamuort Cubupu, Ha Ypane U B APYTHX
peruonax Poccuiickoit @enepannn (Illamanun u np., 2015).
B 371011 CBSA3M IPOBOAAT OLIEHKY YCTOMUYUBOCTH CYLIECTBYIO-
LIUX KOJUIEKLUHA MSATKOM SIpOBOM MIIEHUIbI KaK K MECTHBIM
TOMYJISIIIASIM [TATOT'€HOB, TaK M MOIYJISALUSIM [1aTOTCHOB, pac-
MIPOCTPAHEHHBIX B COCEIHUX PETHOHAX.

BrIsiBIIeHHE NCTOYHUKOB YCTOMYUBOCTHU SBIISICTCS TIOBCE-
MECTHOH 3a7jaueil. B pe3ynbrare CKpUHUHIA KOJUIEKIIUN MsT-
Kol sipoBoil mieHuIbl B Muauu (Sharma et al., 2015) u
D¢uormu (Soresa, 2018) moydeHBI CXOAHBIC JaHHBIE: OIS
YCTOIYMBBIX TEHOTHITOB K MECTHOMY BO30Y/TUTEIIIO CTEOIEBOI
pxaBuuHbl, a Take Ug99 B KOMIEKIUAX OKa3aaach MUHH-
ManbHOU. B Poccun Haja co3paHueM MCXOAHOIO Marepualia
1 COPTOB C YCTOWYMBOCTBIO K CTEOJICBOI pykaBUMHE YCIEIIHO
paboTaroT Hay4IHBIH KOJJIEKTHUB DenepanbHOro HUCCIIe0Ba-
TeJBCKOTO TIeHTpa « HemunHOBKa» (MOCKOBCKast 0071aCTh) IO
PYKOBOZICTBOM J-pa 6uoi. Hayk M.®. JlanoukuHoii 1 cnierma-
nucThl Beepoccuiickoro Hay4HO-UCCIEN0BATEIbCKOTO MH-
ctutyTa 3ammThl pacteHuit (Cankr-IletepOypr, [lymkumH).
Ha 6a3e ncxomHoro marepuana, BbIJJEJICHHOTO U3 KOJJICKIINHT
TeHeTUYECKUX pecypcoB pactenuit BUP u xomnexiuu «Ap-
CEHaJ», CO3JaHbl JUHUH O3MMOMU IIIEHUIIBI, YCTOHIHBHIC
K cTeOJIeBOM pkaBuMHE B yCIOBUSIX HeuepHo3eMHOI 30HBI
Poccun. 3HaunTeNbHBIE PE3YJbTaThl [0 TEHOTHITUPOBAHHIO
COPTOB SIPOBOI MATKOM ITIICHUIIBI, & TAKYKE HHTPOT PECCHBHBIX
JIMHUH C TEHETHYECKUM MaTepHalioM OT YYKEPOJHBIX BUIOB
(Aegilops speltoides, Agropyron elongatum, Aegilops triun-
cialis, Secale cereale) cenexunn denepaabHOTO arpapHOTO
Hay4HOTO 1IeHTpa FOro-BocToka nosydeHs! kana. OMoi1. HayK
O.A. bapaHoBoii. Y uccueryeMbIXx HHTPOTPECCUBHBIX THHUN
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MOCTYJIUPOBAHKI TeHbl Sr31/Lr26, Sr25/Lrl9, Sr28, Sr57/
Lr34w Sr38/Lr37. Coueranune reHoB Sr31/Lr26 w Sr25/Lr19
uaeHTH(UIMPoBaHo y 26.3 % JuHUNA U COPTOB, BO3IEIbI-
BaeMbIX Ha Tepputopun [ToBomkes (Baranova et al., 2019).

Jlnist aieKBaTHOTO FeHETHYECKOro KOHTPOJIsl 3a001eBaHNi
Ba)KCH MHTETPAJIbHBIA MOIXOJ, BKIIIOYAIOIINIT KaK JaHHbIE
00 MCTOYHHMKAX YCTONYMBOCTH, TaK M aKTyallbHbIC CBEJCHUS
0 JIEHCTBYIOIIMX B PETHMOHE ITATOICHHBIX MOIMYJISIHIX, HX
PacoBOM COCTABE U ANHAMHKE I'€HOB BUPYJICHTHOCTH. L{esbro
JTaHHOTO 0030pa OBUT MHTErPATBHBIN aHATN3 (PUTOCAHNTAPHOM
CUTyalluu 1o cTeOneBoil prkapunHe B 3amaanoit Cubupu B
OTHOLICHUH IEPCIIEKTHBBI (POPMUPOBAHUS T'€HETHYECKOH
3aIINTHI MATKOW ITIIICHUIIBI.

3¢ deKTNBHOCTb N3BECTHbIX FEHOB Sr

B ycnoBusAx 3anagHo-Cnbmnpckoro permoHa

C 2007-2009 rr. 3Ha4eHue cTeOICBOM pPHKaBUMHBI B (PUTOTIA-
TOTEHHOM KOMIUTEKCE MIIeHUIH 3arnaaHoil Cudupu Bo3poc-
10 (Couanosa, JInxenxo, 2015). [Tyrem cpaBHEHNS pacOBOTO
cocraBa o0pasnoB uHdpekuu u3 Omcka u HoBocubupcka
BBISICHEHO, YTO TEPBUYHON 30HOW (POPMHUPOBAHUS WHOKY-
moma P. graminis siBisiercst Omckas o6macTs (CroJIoTHEBa U
Ip., 2020). KommuiekcHOE HCClIe0BaHUE KyJIBTUBUPYEMbIX
Ha Tepputopuu 3amagHoii CHOupH COPTOB MATKOW MIIEHH-
IbI TTOKa3aJ10, YTO OOJIBIIMHCTBO M3 HUX BOCIPUUMYNBEI
K 3a00JI€BaHUIO, 4 OCTAJLHELIE 3AIMIIEHEI HEOOIBIINM KO-
JUYECTBOM TE€HOB ycToiumBoctu: Sr25, Sr3l, Sr36, Sr6Ai,
Sr6A4i#2 (Shamanin et al., 2016; Leonova et al., 2020). [Tpu
9TOM OILIEHKA KOJUIEKIIMU MATKOH sIpoBO# mimeHUIbl OMCKOTo
TOCYJapCTBEHHOTO arpapHOTO YHUBEPCUTETA HA €CTECTBEH-
HOM MH(EKIHOHHOM (oHe secocrenu 3amnagHoit Cubupu
MIPOAEMOHCTPHUPOBAIIA, YTO TONBKO 10 % COPTOB KOJIEKITUU
YCTOWYMBBI K MECTHOMY nartoreHy. I1o 1aHHBIM CKpHHMHTA
xomtexuu k Ug99 B Kennn, 107151 yCTOMUUBBIX K arpeCCHB-
HOM pace copToB Takxke He npesbimaer 10 % (Illamanun u
ap., 2015).

Wzydenne o0pa3noB cTeOIeBoil pxxaBIrHbI 3anaaHoi Cu-
OupH B OCIETHUE HECKOIBKO IECATUIICTUI BBISBUIIO H3MEH-
YMBOCTH BUPYJICHTHOCTH K T€HAaM yCTOHYMBOCTH IIIECHHUIIBI
Sr6, Sr7b, Sr8a, Sr9e, Sril, Sr21, Sr30 u Sr36 (CxomoTHeBa 1
Jip., 2020). Pe3ynsTarsl 01€BOro CKpUHUHTA HAOopa COPTOB €
reHaMu Sr u3 KoJuteknuu TiToMHnKOB CIMMY T B ycmoBusix
Owmckoit 1 HoBocuOHpCKoi 001acTei, a TakiKe 1a00paToOpHOTO
aHayM3a 00pa3ioB MHPEKIMK Ha MEXKIyHApOIHOM Habope
MIIEHWYHBIX TUHAH-Iu(depeHnnaTopoB M03BOISIIOT Tpe-
TIOJIOXKHTB, YTO Ha TEppUTOpHH 3amnaaHoi Cnbupu u Anrai-
CKOTO Kpasi TpeJicTaBieHa 000co0eHHas (Tak Ha3bIBaeMast
asmarckas) nomyisinus P, graminis (Shamanin et al., 2020).
OHa oTnHMuaeTcsl BBICOKOM BUPYJIEHTHOCTBIO K TeHaMm SrJ,
Sr9a, Sr9b, Sr9d, Sr9g, Sr10, Sr17, Sr38 u SrMcN. Untepec
JUISL COBPEMEHHBIX IIPOTPAaMM OTIEPEXKAIOIIEH CEeTeKIU Ha
UMMYHHUTET K CTEOJICBOM pKaBYMHE B YCIOBHSX 3amaHOM
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Cubupu mpeAcTaBIsAIOT TeHbl YCTOHUMBOCTU S72, Sr6Ai#2,
Sr24, Sr25, Sr26, Sr31, Sr39, Sr40, Sr44, Sr57, nas KOTOPBIX
MOKa3aHO MpeolIajaHie aBUPYIICHTHBIX KJIOHOB B MECTHBIX
cyononynsusix rpuda (Shamanin et al., 2016; Skolotneva et
al., 2018; Cxomotresa u ap., 2020).

MNMpucyTtcTeBue reHoB Sr

B MNPOBOM ceieKUMNOHHOM maTepuane

Sr2 siBnsiercst OIHUM W3 HanOoJee BaKHBIX T€HOB B COBpE-
MEHHOH CeNeKIMH Ha UMMYHUTET K CTeOJeBO prkaBUMHE,
Tak Kak 00eCleunBaeT JJIUTENbHYI0 YCTOWIMBOCTE B3pOC-
meix pactenuii (Mclntosh, 1988; Roelfs, 1988; Simmonds,
Rajaram, 1988). B 1979 r. onucano 3ame/yieHHOE TEYCHUE
naroreHesa P. graminis Ha paCTeHHAX, HECYIUX T'eH Sr2, 4To
TMIO3BOJIMJIO OTHECTH 00ecIieunBaeMylo0 UM yCTOHYMBOCTH K
Hecrierduueckomy tumy (Hare, Mclntosh, 1979). ®usuo-
JIOTHYECKUM MapKepoM TeHa S72 SBISIETCS XapaKTepHOE I10-
yepHeHue denryi konoca (pseudo black chaff). Kpome Toro,
ACCOIMMPOBAHHBIM NMPU3HAKOM, TPOSBIISIOIINMCS TPH TeTl-
TYHOU TemiiepaType Boimie 22 °C, sBIsSeTCs XJI0PO3 TUCTHEB
Ha cTaguu mpopoctkoB (Brown, 1993). 3a uckimouenunem Ka-
HaJbel TeH Sr2 obecnieunBaeT 3(P(HEeKTHBHYIO yCTOHYUBOCTD
MIOBCEMECTHO C MOMEHTA €T0 BBEICHMS B I'€KCAIUIOUAHYIO
muennny B 1920-x rr. (McFadden, 1930). Bo Bpemst snudu-
totuil B CeBepHOit AMepuke B 1950-x IT. copTa MIIEHUIBI
Regent, Renown n Redman ¢ remom Sr2 mokazaim ymepeH-
Hylo BocnpuuMunBocTh. Copra Pavon 76 m Buck Buck c
koMOuHaiyed reHoB Sr2 1 Sr23, UCIBITAHHBIE B YCIOBHAX
3amagHoit CubupH, TPOAEMOHCTPUPOBATH YCTOHIUBOCTD K
JIOKJILHOHM TOMyJsinny credneBoit pxkasunnsbl ([1lamannH 1
Ip., 2015). TectupoBaHue Ha €CTECTBEHHOM HH()EKIIMOHHOM
thone HeueprozemHoit 30861 Poccun HOBBIX THHHNA 03UMON
MIIEHUIBI, CO3JaHHBIX Ha 0CcHOBe Koyutekuuit BUP u «Apce-
HaJl», TI03BOJIMJIO BBIIBUTH 3(D(EKTHBHOE COUETAHUE JIBYX U
Ooee TeHOB I0BEHIIFHON ycToWumBoCcTH (8722, Sr32, Sr39
n Sr40) c renom Sr2 (Jlanoukuna u 1p., 2018). B nacrosmmit
MoMmeHT Oa3a manHbix GRIS (http://wheatpedigree.net/) co-
JIepKuT 1762 HauMEHOBAaHWS COPTOB M JIMHUH MIICHUIIBI,
KOTOpbI€ HECYT I'€H YCTOMYUBOCTH Sr2.

Sr6Ai#2 HaxonuTcs B cOCTaBe IPYIIBI TeHOB LroAi#2/
Sr6Ai#2/Pm6Ai#2, obecrneunBalOMNX YCTOWIHBOCTD K
KOMIUIEKCY JINCTOCTEOETbHBIX 3a00JIeBAHUH IIICHUIIBI,
pacronioxkeH B xpomocome 6Ai#2, KoTopas HHTPOTPECCH-
poBaHa B MATKYIO MIICHUILY OT Thinopyrum intermedium.
[uTorenetnueckoe uccienoBanue coproB TynaikoBckas-5,
TynaiixoBckas-10 u TynaiikoBckas-100, uMeromux MHOTO-
JIETHIOIO HCTOPHIO KyJBTUBUPOBAHHS B PA3TIMYHBIX PETHOHAX
Poccun, nokazano, 4to xpomocoma 6Ai#2 coxpaHuiia CBOIO
LIEJIOCTHOCTD B JTaHHBIX copTax (Salina et al., 2015). Cpenu
OTEYECTBEHHOTO MaTepHasia IpUCYTCTBHE reHa SroAi#2 mpo-
JIEMOHCTPUPOBAHO Ul JINHUHA U COPTOB CapaTOBCKOM U ca-
MapCKOii celeKIun B coueTanuu ¢ renamu Sr37 u Sr25 (Sha-
manin et al., 2016).

Sr24, ren ycTOMIMBOCTH K CTEOJIEBOH prkaBUMHE, BMECTE
¢ Lr24, reHOM yCTONYNBOCTHU K Oypoii prkaBUrHE, IEPEHECEH
B MIIEHUIy OT Ag. elongatum. VI3BecTHA CIIOHTaHHAsI TPAHC-
nokanus (3Ag) B xpomocome 3DL, onmcannas B copre Agent
(Smith et al., 1968). [Tomy4yeHbl peKOMOMHAHTHBIC JIUHWUHU, B
KOTOPBIX Y/IaJIOCh HAPYLIUTh CHEMIEHUE TeHOB yCTONYUBO-
CTH ¥ TIPU3HAKa KpacHOW MUrMeHTannu 3epHa (Sears, 1973),
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YTO MO3BOJKIIO HHTPOTPECCUPOBATH TeH Sr24 B 6er103epHYI0
MIICHALLY.

Kowmrutekc reHoB Lr24/Sr24 obecnieunBaet 3ppeKTHBHYIO
3aIIMTY OT OCHOBHBIX P)KaBUMHHBIX 3a00JICBAHUI MILICHUIIBI
Mo BceMy MHpY 3a uckmoueHueM HOxuoi Adpuxu (Roux,
1985; Pretorius et al., 2010), Muanuu (Bhardwaj et al., 2010;
Manjunatha et al., 2015) u Kenuu (Jin et al., 2008), rie BbI-
SIBJICHBI HOBBIE BHUPYJICHTHBIC pachl cTEOJIEBON PiKaBUMHBI.
BupynenTrsie k reny Lr24 K10HbI BO30yuTens Oypoit pxas-
YHHBI 3aperucTpupoBansl B ABcTpanuu, Yexuu, Upane u
CIIA (Park et al., 2002; Kolmer, 2019; Hanzalova et al.,
2020; Nemati et al., 2020). B Poccuu, B Omckoii obnactw,
HEJIaBHO BBISIBJICHBI Pachl P. graminis, BAPYJICHTHBIE K TEHY
Sr24 (Shamanin et al., 2020; Skolotneva et al., 2020). B 6a3y
nmaaubix GRIS 3arpyxena unpopmarms o 903 coprax u am-
HUSIX MIICHHIIBI, KOTOPbIE HECYT T€H YCTOHUUBOCTH Sr24.

Sr25, ren pacocnenn(puIeckoi yCTOHINBOCTH, TIEPEHECEH
B JUIMHHBIE TIedn XpoMocoM 7D u 7A ot Thinopyrum ponti-
Cum ¢ KOMIIJIEKCOM I'€HOB PE3UCTEHTHOCTH K Oypoii pkaBuu-
He Lr]9 v TeHOM, KOHTPOJIHUPYIOIITNM JKEITYI0 OKPACKy MyKH
(Friebe et al., 1996; Zhang et al., 2005).

I'en Sr25 BBeneH B aBCTpasIniiCKUE copTa MIIEHUIIBI U HC-
MOJIB30BaH B Iporpamme cenekmmu meHuis CIMMY T, tae
OJIHUM U3 €70 OCHOBHBIX HCTOYHHUKOB siBIIsieTcst copT Wheatear
(Bariana et al., 2007). IToka3ana noBcemectHast 3(GeKTHB-
HOCTB TreHa Sr25 Mo OTHOIIEHHIO K pacam cemerictBa Ug99
(Singh R.P. et al., 2011). Cpean oTeuecTBEHHOTO Marepuaa
MIPUCYTCTBHUE TeHa Sr25 OTMEUeHO JUId JIUHUHA U COPTOB ca-
PaToBCKOM, caMapcKoif 1 oMcKoi cenekimn (Shamanin et al.,
2016). ba3za narapix GRIS B HaCTOSTINI MOMEHT COACPIKUAT
92 HauMeHOBaHHS COPTOB U JIMHUH IMIIEHUIIbI, KOTOPBIE He-
CYT 3TOT T€H.

Sr26, >pdexTrBHBIN B OTHONMIEHNH ceMelicTBa pac Ug99,
nepeHeceH ot Ag. elongatum B nucTanbHylo 00JacTh JITHH-
Horo Tureda xpomocoMsl 6A (Knott, 1961). Tpancmokamus
6AS.6AL-6Ae#1L 3aMeTHO BiIUsNA HA YPO)KalHOCTH CO3-
JTAaHHBIX JIUHUH U COPTOB, TOTEPH cocTaBIsuu 9 %. ['en Sr26
HCTIOIb30BAH B KAY€CTBE HCTOYHHUKA yCTOHYMBOCTH K CTEOIIe-
BOW prkaBUMHE, B OCHOBHOM B ABCTpAaJINH, I/ie OBUT CO3/1aH
copt Eagle. B Hacrosiiiee Bpemsi cO3/1aHbl HOBBIC JIMHUH C
YKOPOYEHHBIMH (pparMEHTaMU TPAHCIIOKAINH, TOKA3aBIINe
BBICOKHE ITOKa3aTeln KadecTBa M ypokaiHoctn (Dundas
et al., 2007). Takum 00pa3oM, UCTOPUUCCKH CIOKHUBIIIASICS
HHU3Kast yacTtoTa S726 Cpeiy COBpEMEHHBIX COPTOB M CO3IaHNE
JIOHOPCKUX JIMHUH C KOPOTKUMH TY>KEPOAHBIMU CETMEHTaMHU
Jenaet re Sr26 Hanbosee MOIXOASIINM JUTS UCTIONb30BaHUS
B CENEKIIMOHHBIX IporpamMmMax. B 6a3y manusrx GRIS 3arpy-
JKeHa nHpopMmanus o 61 copTe ¥ IMHUM NIISHUIIBI, KOTOPBIE
HECYT reH Sr26.

Sr31 ynacnenosaH oT pxku copTa Petkus B cocraBe Tpanc-
noxkanuu 1BL.1RS BMecTe ¢ reHaMu, KOHTPOJIUPYIOIMIUMU
YCTOMYMBOCTh PAaCTEHUI K JPYyTUM I'PUOHBIM MaTOreHaM:
Oypoii pxxaBuuHe (Lr26), sxentoii pxxaBaune (Y79) u MydHH-
ctoit poce (Pm8) (Singh N.K. et al., 1990; Mclntosh et al.,
1993). ITiennyHO-prkaHast TPAHCIOKAIUS HaIllIa HHTEHCUB-
HOE NMMPUMEHEHHE B CEJIEKIIMOHHBIX MPOrpaMMax Pa3InIHbIX
PETHOHOB MHPa, B KOTOPBIX POAUTEIBCKUMHE (pOpMaMu ObLTH
oTeyecTBeHHbIE copra nireHunsl Kavkaz n Aurora, Hocure-
7 3Toi TpaHcokarmu (Rabinovich, 1998; Zhou et al., 2003;
Schlegel, 2010). 3a nocieaHre COPOK JET CEIEKIHOHEPHI
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IIMPOKO MCIOIB30BaIK TpaHciaokanuio 1BL.1IRS mns ymyd-
IIEHHsI arPOHOMUYECKUX XapaKTEPUCTHUK MSITKOH MIICHUIIB,
0COOCHHO yposkaiHoCTH 3epHa. I'eH Sr3/ mpHucyTCTByeT BO
MHOTHX copTax, paiioHupyembix B Poccun, Espone, Kurae u
CIIIA, a TakKe B CEIEKITMOHHOM MaTepHaie, pacpoCcTpaHse-
MoM niporpammoii CIMMY T, nanipumep B coprax Bobwhite
u Veery (Carver, Rayburn, 1994; Lelley et al., 2004; Shama-
nin et al., 2016). B 0aze narabix GRIS comepxwurcs 1119
HaMMEHOBAHUH COPTOB M JIMHHUH MIICHHIBI, KOTOPHIE HECYT
MIIEHUYHO-PKaHyIo TpaHcnokanuo 1BL.IRS.

B GompImmHCTBE PETHOHOB HU3KUX IUPOT TeH Sr-3/ yTpaTui
AKTyaJIbHOCTB B CBSI3M C paclpocTpaHeHneM n3 crpad CeBepo-
Bocrounoii Appuku pac cemeiictea Ug99, BUpYIEHTHBIX K
stomy reny (Singh R.P. et al., 2006), oqaaxo Sr3/ octaercs
3¢ pekTuBHBIM Ha TeppuTopun Poccumn, B ToM unciie B 3ana-
Ho-Cubupckom pernone (Boskosa u 1p., 2014; CkosnoTHeBa
u 11p., 2020).

Sr39 obecrieunBaeT yCTOHYNBOCTH KO BCEM M3BECTHBIM
B HACTOsIllee BpeMs narotunam P graminis, B TOM 4uClIe K
cemeiictBy pac Ug99 (Mago et al., 2009). I'en nmepeneceH B
xpomocoMy 2B copra Marquis u3 renoma Ae. speltoides B
cocraBe OOJIBIION TPAHCIOKAIIMK BMECTE C TEHOM yCTOWYH-
BOCTH K Oypoii prxkaBunHe L35 (Kerber, Dyck, 1990). Pazusie
ABTOPBI COOOIIAIOT KaK 00 OTPUIATEIILHOM, TaK U O TIOJIOXKH-
TEIILHOM BIIMSIHUU Ha XO35ICTBEHHO BayKHbIE XapaKTEPHUCTHKU
TPAHCIIOKAIIMOHHBIX TUHUH. Hanpumep, okasano yBenande-
HHUE TUTPOCKONMYHOCTH MYKH y IOXKHOA(PPUKAHCKOW JIMHUT
nureHurpl Karee*6/RL6082 ¢ renom Sr39 (Labuschagne et
al., 2002). Pa3zpaboTaHbl TPaHCIOKAIIMOHHBIC TNHUH C yMEHB-
IIEHHBIMU Yy>KEPOIHBIMHI CETMEHTaMH, KOTOpbIE 00ecTedn-
BAIOT T'PYIIIOBYIO0 YCTOHYMBOCTD K PIKABUMHHBIM OOJIE3HSIM
3a cuetr reHoB Sr39 u Lr35 (pexomOunaHT #247) (Mago et
al., 2009). Becero mecTh nuHHN ¢ TeHOM Sr39 IpecTaBIeHO
B 0ase nanHbIX GRIS, 13 KOTOPBIX YETHIpE UMEIOT KaHAJICKOE
MpOUCXOKACHNE, a THHUA Line-292 sBnseTcst pe3ynbTaToMm
OTEYECTBEHHOW CEJICKIINH.

Sr40 (SrA), odecrieunBaroIIMii BHICOKHI YPOBCHB FOBCHUIIb-
HOW W BO3PACTHOW YCTOMUYMBOCTH K ceMmelcTBy pac Ug99,
MHTPOTPECCUPOBAH B MIICHULY OT Iriticum timopheevii ssp.
armeniacum B coctaBe Tpanciokaun T2BL/2G#2S (Friebe
et al., 1996; Wu et al., 2009). [Tocne ckpuHUHTA CETEKITH-
OHHOTO Marepualia Ha yCTOMYMBOCTb K pacaM U3 ceMeiicTBa
Ug99 B ycloBusix CuiIbHOW MH(MEKIMOHHON HAarpy3KH Ke-
HHUHUCKUX MOJIEBBIX TUTOMHUKOB I'eH S74() peKOMEH/10BaH AJIst
UCIIOIb30BAaHMS B KOMMEPUECKHUX copTax mieHuisl (Jin et al.,
2007). B nacrosammii momeHT 6a3a nanueix GRIS cogepxxut
9 HaMMEHOBaHMI COPTOB U JINHWUH MIIEHUIBI, KOTOPHIE HECYT
reH Sr40.

Sr44 (SrAgi) nepeHeceH B IeHOM MSATKOH MIIEHHUIBI OT
Thinopyrum intermedium B coctaBe TpaHcrokanuu 7Ai#1S
(Cauderon et al., 1973; Friebe et al., 1996). Kak v reHb1 Sr25,
Sr26, Sr39m Sr40, ren Sr44 cnocobeH 3(heKTHBHO 3alUIIATh
pacteHus OT mopaxkeHus pacamu cemerictBa Ug99 (Liu W.
et al., 2013). B 6a3y mannsix GRIS BHecena nudopmarus
0 YEThIPEX COpTax MSIKOW IIIEHHIIbI, KOTOPbIe HECYT T'eH
Sr44. B ux ducie copT pOCTOBCKOH cenmekiuu J{oHcKas 1mo-
JyKapJIMKOBasl.

Sr57 (Lr34/Yr18/Pm38/Bdvl)— nneioTporHblii reH, odec-
TIEIUBATONINH HeCIEM(PUIECKYIO YCTOHYINBOCTE K OMOTPOd-
HBIM TTIaTOTE€HaM, B TOM YHCJIE CTEOIEBOM prkaBUMHE, JIOKAIIH-
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30BaH B xpomocome 7DS (Krattinger et al., 2009; Lagudah et
al., 2009; Dakouri et al., 2010). DddexT 3anmTHON peakuuu
TEHOTHIIOB C S7r57 Ha Pa3NYHBIX MHPEKIMOHHBIX (hOHAX
OIKCaH KaK BO3pacTHas ycToiunBocTh (adult plant resistance)
(Mclntosh et al., 2010). McTtounnkom reHa Sr57 sSBISIOTCS
CTapo/IaBHUE MTAJIBSHCKHE COPTA MATKOM mmieHuIp! Ardito
n Mentana, co3nanubie B 1900-X IT., Mpu 5TOM OH COXpaHsET
s dexTnBHOCTH B TeueHue ctometus (Kolmer et al., 2008).
Cpenu perpe3eHTaTHBHON KOJIIEKIINH 3aI1aTHOEBPOIIEHCKIX
COPTOB I'eH OOHAPYKEH TOJIBKO y copra KaBkas, ogHako Sri7
IIMPOKO PACTIPOCTPAHEH CPEIN aMEPUKAHCKHX, KAHAICKUX U
aBctpanmiickux copros (Kolmer et al., 2008), a Taxxe cpenu
YKPauHCKHX COPTOB 03MMO# Msirkoi mmenunsl (Karelov
et al., 2011). BoTpIIMHCTBO COPTOB OMCKOW M Ka3axXCKON
CeJIeKIIMM ¢ TeHoM Sr57 mpuHaanexar k rpynmnaM Ekada u
Fiton coorBercTBenHO (Shamanin et al., 2016). B nocnennee
BpeMs HecTenn(pUIeckuii TeH Sr57 ¢ yCcIexoM MPUMEHSIOT
JUISL CO3/IaHUSI TEHOTHUIIOB C JUTMTEIILHON YCTOWYNBOCTBIO Me-
TOJOM NHpaMHUAMpOBaHUs reHoB. ba3a manusix GRIS co-
nepxuT 2171 HanMeHOBaHWE COPTOB W JIMHUH MIICHHUIIBI,
KOTOpBIE HECYT I'eH Sri7.

METOHbI NnoCTy/IMpOBaHNA reHOB Sr

Jlo pa3paboTKu MepBEIX MOJEKYJISIPHBIX MAapKEpOB MPUCYT-
CTBHUE B CEJEKIIMOHHOM MaTepHaje I'€HOB YCTOMYMBOCTU
OTIPEIEIISUTH SMITMPUYECKH € TIOMOIIBIO (PUTOIATOIOTHYECKO-
TO MOCTYJIMPOBAHHUS B COOTBETCTBUH C 3aKOHOM «T'€H HA TCH» —
B3auMoieiicTBus xo3snHa U narorena (Flor, 1947). CyTb
MOCTYJIaTa 3aKJII0YaeTCs B TOM, YTO KaXKJIOMY T'eHy yCTOHIHNBO-
CTH WJIM BOCTIPHUMYHBOCTH PACTEHUSI-XO35IMHA COOTBETCTBYET
OTpeIeNeHHbIN KOMIIEMEHTapHBIN F'eH BUPYIEHTHOCTH UIH
aBUPYIEHTHOCTH napasuTta. K ncronp3oBannio (puronarosuo-
THYECKOTO MOCTYJIUPOBAHMS ((PUTONATOIOTUIECKOTO TECTH-
poBaHus1) MPUOETaOT 10 CUX TOpP KaK K aJbTEPHATUBHOMY
MOZIXO/Y, O3BOJISIONIEMY BEPUPHUIIUPOBATE MOJICKYIISIPHBIE
Mapkepbl. Kpome Toro, TaHHBII METO/T OCTaeTCst IMHCTBEHHO
BO3MOXXHBIM B CIIy4ae MJCHTH(UKAIIMU TEHOB, JJIsl KOTOPBIX
JIHK-mapxeps! He pazpabotansl. O0S3aTENEHBIM YCIOBHEM
(hPUTOMATOIOTHYECKOTO TECTUPOBAHUS CENICKIIMOHHOTO Ma-
Tepualia sBJSCTCS MOAJICPKaHue B jJabopatopuu padboueit
KOJIJIEKIINH YUCTBIX JINHUH Tprda, 00/1a1at0IuX MPOTHBOIIO-
JIO)KHBIMH AJIJICTSIMU TEHOB Avr, B JAaHHOM CIIydae M30JIITOB
P. graminis, BUpYyJEHTHBIX U aBUPYJIEHTHBIX K UCKOMOMY
reHy ycroiamBocT Sr. IIpn 3TOM mccnenoBanne mpoBOAST
Ha IOBEHWJIBHOW CTAJMW PacTEeHHH, OLICHUBAS M CPaBHHBAs
peakiyy (MHPEKIIMOHHBIC THUITbI) HA 3aPaXKCHUE CHCTEMaMU
n3oiaToB rpuda (McVey, Roelfs, 1975). TIposiBienue BEICOKOIH
BOCIIPUMMYHBOCTH (MH(PEKIIMOHHBIE THITBI 3 U 4 110 0ayuTbHOM
mkase, pazpadoranHoit E.C. Stakman u xoyuteramu (1962))
y TECTHPYEMOIl JINHUN CBHJIETEIBCTBYET 00 OTCYTCTBHUHU B
TCHOTHIIE TEHOB YCTOMUMBOCTH, K KOTOPBIM M30JAT P. gra-
minis aBUPyJIeHTEH. Tak, BOCIPUMMUUBBII TUIl PEAKLUU Ha
3apaXeHHe M30JISITOM, aBUPYICHTHBIM K Sr5, coobmaeT o
TOM, UTO TeCTUpyeMasi IMHUS He HeceT reH Sr). [IpucyrcTBre
reHa ObLJI0 ObI CONPSDKEHO C yCTOMYMBOCTHIO (MH(EKIIMOHHbIE
tumel 0, 1 u 2).

Heo0xomuMMo y4YuTHIBaTh IMOITOTOBUTENBHBIN 3TAN TOJ-
00pa KOHTPOJIBHBIX U30JIATOB WM MATOTHIIOB P. graminis ¢
OIIPEIEJICHHON BUPYIEHTHOCTBIO. VX HCTIONB3YIOT, YTOOBI HC-
KITFOYHTH ITPUCYTCTBUE T'€Ha YCTOHUMBOCTH Y HCCIICTyEMOTO
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DNA markers for stem rust resistance genes
verified on the worldwide wheat germplasm pool

Gene DNA marker Marker type  References
sr2 csSr2 CAPS Mago et al., 2011
wMAS000005  KASP
Xgwm533 SSR Spielmeyer et al., 2003
Sr6Ai#2  TNAC1752 PLUG Salina et al., 2015
Xicg6A#2 STS Salina et al, 2016
(RF patent 2598275)
Sr24 Sr244#12 AFLP Mago et al., 2005
Sr24#50
Xbarc71 SSR
Sr25 BF145935 STS LiuS.etal, 2010
Gb Prins et al., 2001
Sr26 Sr26#43 STS Mago et al., 2005
BE518379 LiuS.etal, 2010
Sr31 SCSS30.2576 SCAR Das et al., 2006
SCSS26.14109
SCM9 SSR Weng et al., 2007
Sr39 Sr39422r STS Mago et al., 2009
BE500705
Sr39#50s
Sr44 Xbe404728 CAPS LiuW.etal, 2013
Xbe473884
Sr57 csLV34 STS Lagudah et al.,, 2006
cssfri SSR Lagudah et al., 2009
wMAS000003  KASP

Note. AFLP — amplified fragment length polymorphism; CAPS - cleaved am-
plified polymorphic sequences; KASP — kompetitive allele specific PCR; PLUG -
PCR-based landmark unique gene; SCAR - sequence characterized amplified
region; SSR - simple sequence repeats; STS - sequence tagged site.

copTa, €CIM COPT BOCIIPUUMYHNB XOTS OBI K OZTHOMY ITaTOTHUILY,
aBUPYJIECHTHOMY K I€HY; IIPEAIIONI0KUTh HAJIMYME FeHa Ha OC-
HOBaHMH COBIIAJICHUS PEAKIINU COBMECTUMOCTH ITATOTUIIOB C
M3y4aeMbIM COPTOM 1 JINHHUEH, UMEIOIIEH reH YCTOHIMBOCTH.
MeTo/1bI 3aKJIaJIKU OIIBITOB U 3apayKeHUsI TPOPOCTKOB IIIIEHHU-
161 CTEOJIEBOM PXKABUMHON, B TOM YHCIIE YXOJ 3@ OTBITHBIMHU
PacTeHUSIMH U ONITHMAJIBHBIA TeMIIepaTypHO-BPEMEHHOM pe-
JKMM B TIEPUOJT IKCIIEPUMEHTOB, IOJIPOOHO OIMCAHBI B Pa3HBIX
myomukammax (Jin et al., 2007; Li et al., 2016; Pcanmes A.C.,
Pcanues I11.C., 2018; Flath et al., 2018).

BBISIBICHHBIH SMIUPUUECKUM IIyTEM I'€H JOJDKEH OBbITh
00s13aTeNTbHO MOATBEPK/CH JOTOIHUTEILHBIMI HCCIIEI0Ba-
HUSIMH, TAKUMH KaK TeHETUYECKUH 1/WITH INTOTEeHETHIECKUH
aHanu3bl. B HacTosIIee BpeMsi HCIIOJIb30BaHNUE MOJICKYJISIPHBIX
MapKepOB SIBISIETCS JOCTOMHON aabTepHATUBOM, IIO3BOJISIO-
I1eif COKpaTHTh BpeMs aHAJIM3a C TIOMOMIBIO ONITHMH3HPOBAH-
HBIX MPOTOKOJIOB. CIIMCOK MapKepoB K reHam Sr2, Sr6Ai#2,
Sr24, Sr25, Sr26, Sr30, Sr31, Sr39, Sr40, Sr44, Sr57, coxpa-
HAOIMX 3G (EKTUBHOCTD K 3aIaIHOCHONPCKOI TTOyIISIIH
P. graminis v Bepu(uLINPOBaHHBIX B OTEYECTBEHHBIX J1a00-
paropusix, mpuBe/eH B Tadbmuie. s rena Sr40 B murepatype
npetokensl JIHK-mMapkepbl pa3nuaHOro THIa, Yaiie BCero
mukpocareuutHeie (SSR) (Bernardo et al., 2013). Onnako
SSR-mapxeps! TpeOyIOT OIIEHKH CTETIEHH I0CTOBEPHOCTH BBI-
SIBJICHUSI TeHa Ha IIMPOKOM T'€HETHUECKOM MaTepHasle.
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[eHeTyecKas 3awwmTa MArKow NiweHnLbl
OT cTe6neBON PKaBUNHDBI B 3anaaHoi Cnbupun

3aknioueHue

B 0030pe comocTaBiIeHbI pe3yabTaThl HCCICIOBAHUI TOITY-
JISIUU BO30YAUTENsT CTEOICBON PIKABUMHBI C aKTyaIbHBIMU
JAHHBIMHA TEHOB YCTOHYHMBOCTH MATKOH MIIEHUITHI, d(Pdek-
TUBHBIMU B yciioBusixX 3ananaoi Cubupu. UaTepec s ome-
peKaroIIel CeleKIM Ha UMMYHHUTET MPEACTABISIOT TeHBI
ycroituuBoctu Sr2, SroAi#2, Sr24, Sr25, Sr26, Sr3l, Sr39,
Sr40, Sr44, Sr57, mis KOTOPBIX MOKa3aHO IpeodIaTaHue
ABUPYJICHTHBIX KJIOHOB B MECTHBIX CYOTOMYJISIIUIX rpuoda.
Haubonee momynsapHbIMHA ITPpH CO3TAHIH TUPAMHUIAPOBAHHO-
0 TCHOTHUIIA MSITKOW IMIICHHUIIBI SIBISIFOTCS TeHbI Sr2, Sr24,
Sr31, Sr57, 0 4eM CBUACTEIBCTBYET BRICOKUH yAETbHBIN Bec
COPTOB U CEJIEKIIMOHHBIX JINHUH, TPEICTABICHHBIX B MEXKITY-
HApOIHBIX 0a3axX mMaHHBIX, Takux kak GRIS. Becema mepc-
MEKTHUBHBIM JIJISl CCJICKIIUU HA UMMYHHTET SBJISICTCS HHTPO-
IyIAPOBAHHBIA TeH Sr6Ai#2, MHUPOKO MpPEACTaBICHHBIN B
COBpPEMEHHOM OTEUYeCTBEHHOM Marepuaie. OJHAKO BaKHO
MOTYEPKHYTh, YTO MOCJIEC PAHOHUPOBAHUS U MHTEHCUBHOTO
BHE/IPCHHUS B TIPOU3BOACTBO COPTa OBICTPO TEPSIOT yCTOWUH-
BOCTbH M3-32 MOSIBJICHHS HOBBIX BHPYJICHTHBIX Pac MaToOreHa.
B GonbIIMHCTBE CiIy4yaeB MHPOKO PACIIPOCTPAHEHHBIE KOM-
MEpYECKHe COpTa MATKOH MIIEHHUIIBI OKa3BhIBAIOTCSI BOCIIPH-
UMYUBBIME K prkaBanHe yepe3 7—10 et (Kosans u ap., 2010).
WuTerpanpHblii TOAX0A K 0TOOPY CETEKIIMOHHOTO MaTepHaa,
BKITFOYAIOMINHA JTaHHBIE O TEHOTHUIIAX PACTEHUA-XO3AWHA U
MATOTCHA, MTOBBIIIACT FAPAHTUH JUTUTCIFHOTO UMMYHUTETA Y
HOBOTI'O COpPTa MJIM CEJICKIMOHHOMN JIMHUH.
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Abstract. Narrow-leaved lupine (Lupinus angustifolius L.) is a widely cultivated leguminous forage and green manure
crop with a potential for human nutrition. However, the presence of secondary metabolites — alkaloids - in lupine seeds
considerably affects the quality of raw produce, reducing its nutritive value; in addition, high concentrations of alkaloids
are toxic to humans and animals. Therefore, plant breeders working with lupine need to gain knowledge about the vari-
ability of alkaloid content in seeds of different genotypes and search for the sources of their low concentrations in the
crop’s gene pool. The collection of narrow-leaved lupine genetic resources held by the N.I. Vavilov Institute of Plant Ge-
netic Resources (VIR) offers wide opportunities for such search by means of mass screening. For its part, largescale gene
pool screening requires the selection of an optimal technique to measure alkaloid content in seeds, so that it would be
easily reproducible and as little labor-, time- and fund-consuming as possible. The results of the search for such method
are presented. Qualitative and quantitative indices were compared when target compounds had been extracted with
multicomponent mixtures and individual reagents (chloroform, methanol, etc.) and the extracts analyzed using gas
chromatography-mass spectrometry. High-performance liquid chromatography combined with mass spectrometry
was also employed. Five major alkaloids were found to be present in all types of extracts: lupanine, 13-hydroxylupanine
(dominant ones), angustifoline, sparteine, and isolupanine. The fullest extraction of alkaloids was observed when the
extractant with an added alkaline agent was used (425 mg/100 g). The lowest level of extraction was registered with
chloroform (216 mg/100 g). The significance of the differences was confirmed statistically.

Key words: Lupinus angustifolius L.; alkaloids; extraction techniques; lupanine; 13-hydroxylupanine; angustifoline; spar-
teine; isolupanine.
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AHHoTayus. JllonuH y3KonncTHbIN (Lupinus angustifolius L.) — unpoko Bo3aenbiBaeMas KOPMOBas 1 cupepanbHas 3ep-
HO6060Bas Ky/bTypa C NPOAOBO/IbCTBEHHBIM NoTeHUManom. OfHako Hanmyve B ceMeHax JIlonrHa BTOPUYHbIX MeTabo-
JINTOB — aJikaJlongoB — 3HAYUTENIbHO BAMNAET Ha KayecCcTBO NOJIy4aeMoro CbipbA, CHMXaA ero nutaTtesibHy LEHHOCTb.
Kpome TOro, BbICOK/E KOHLEHTPaLMMW ankanongos TOKCUYHBI 1A YeNIoBEKa U XKUBOTHbIX. [03ToMy Ana cenekumn nto-
NNHa aKTyallbHbl CBEAEHNA 06 N3MEHUYMBOCTU COAEPKAHNA aNnKanonaosB B CeMeHaxX Y Pa3HbIX reHOTUMNOB 1 NMOUCK B re-
HOMOHAE NCTOYHMKOB X H3KOW KOHLIeHTpauun. Konnekuma reHeTyYecKrx pecypcoB nonmnHa y3KonncTHoro Becepoc-
CUINCKOrO MHCTUTYTa reHeTUYeCKNX pecypcoB pacteHnii nm. H.W. BaBunosa npepocTtaBnsAeT WrpoOKMe BO3MOXKHOCTU
L1151 TaKOrO MOMCKa Ha OCHOBE MAacCOBOIO CKPUHMHIA. B cBOo ouepefb MacliTabHbIN CKPUHUHT reHodpoHAa Npeanona-
raeT BbI6GOP ONTMMaNIbHOrO METO/la OLIEHKM COAEPKaHWA ankanongoB B CEMeHax: Ierko BOCMPOU3BOAMMOro, Hanbonee
LOCTYMNHOrO € G1HAHCOBOW TOUKM 3peHNA 1 HaUMeHee TPYAo- 1 BpemaA3aTpaTHoro. [peAcTaBneHbl pe3ynbraTbl NoMcKa
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Selection of the optimal method for screening
of narrow-leaved lupine collection for alkaloid content

Takoro metoga. CpaBHMBaNM KayeCTBEHHbIE U KONIMYECTBEHHbIE NoKasaTenu Npu U3BieYeHnn LeneBblX BELeCTB MHO-
FOKOMMOHEHTHBIMU CMECAMU 1 OTAENbHBIMU peareHTamu (XJIopodOpPMOM, METAHONIOM) 1 aHasM3e SKCTPAKTOB Nocpes-
CTBOM ra3oBOW XxpomaTorpadum, COnpsaxeHHOM C Macc-CneKTpomMeTpuent. Tak»Ke NCNoNb30Baan BbICOKOIPPEKTUBHYIO
KMAKOCTHYIO XpomaTtorpaduto ¢ Macc-cnektpometpuein. O6Hapy»KeHbl NATb ankanongos, MPUCYTCTBOBABLUMX B SKC-
TpakTax BCeX TUMOB: NIONAHUH ¥ 13-TMAPOKCUIIONAHNH (OMUHUPYIOLWME), aHTYCTUGONWH, CMapTENH 1 N30MIONaHMH.
Hanbonee nonHoe U3BneyeHne ankanonaos OTMEUEHO MPW UCMOMb30BaHNM SKCTPareHTa ¢ 4o6aBIEHNEM LLESIOYHOro
areHTa — 425 mr/100 r. MMHManbHas SKCTpaKLmaA 3aperncTpupoBaHa npu nssneyeHnm xnopopopmom — 216 mr/100 r.
[locTOBEPHOCTb OTNNUMIA MOATBEPXKAEHA CTAaTUCTUYECKN.

KnioueBble cnosa: Lupinus angustifolius L.; ankanougpl; SKCTpakuus; nonaHviH; 13-rugpoKcuntonalmnH; aHrycTudonuH;

CnapTenH; N30NnaHnH.

Introduction

Narrow-leaved lupine (Lupinus angustifolius L.) is a high-
protein pulse crop, well adapted to comparatively low tem-
peratures, acidic and meager soils. Its gene pool contains
plenty early-ripening forms that reach maturity under a sum
of active temperatures of 1700 °C, so its effective cultivation
may be expanded practically to all regions of the Russian
Federation (Artyukhov, 2015; Ageeva etal., 2018). It is chief-
ly used as a fodder and green manure crop, but there are
prospects of its utilization for food production (Krasilnikov,
Pankina, 2006; Islam et al., 2011). The cost price of lupine
grain production is twice lower than that of soybean (Korol’,
Lahmotkina, 2018). However, the production of feed and
food from most of the existing genetic resources of Lupinus
angustifolius L. is restricted by the presence of secondary
metabolites — alkaloids — in their seed and biomass. The col-
lection of narrow-leaved lupine maintained at N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR) was
found to harbor a considerable variability of alkaloid content
levels in its seeds (Kurlovich et al., 1995). For many years,
since the 1960s, such assessment had been performed on an
overwhelming majority of accessions employing the rapid
method of in-field differentiation between high-alkaloid and
low-alkaloid varieties with Dragendorff’s reagent (Ermakova
etal., 1987). For part of the accessions, the data were retrieved
from published sources and descriptions of varieties submitted
by plant breeders. It means that exact quantitative characteriza-
tion of alkaloid content is absent for most of the accessions
preserved in the collection.

Alkaloids, being biologically active compounds, have a ne-
gative effect on human and livestock organisms, worsen or-
ganoleptic properties of lupine-based products, and reduce the
value of its seeds as raw materials for food and feed (Cheeke,
Kelly, 1989; Resta et al., 2008). According to the production
standards accepted in Russia, the content of alkaloids in lupine
seeds earmarked for food and feed purposes should not exceed
0.04 % (40 mg/100 g) of the seed weight (Kuptsov, Takunov,
20006); in some European countries and Australia, no more
than 0.02 % (20 mg/100 g) (Frick et al., 2017). This gave
a stimulus to one of the prioritized trends in lupine breeding,
aimed at the development of low-alkaloid cultivars.

Scientific plant breeding to improve this species, per se,
started in the first third of the 20th century, after the develop-
ment of the first low-alkaloid lupine cultivar Stamm 411 by
the German researcher R. Sengbusch in 1928 (Sengbusch,
1931). By now, a substantial number of narrow-leaved lupine
cultivars have been released, with the alkaloid content in their
seeds not exceeding permissible levels (Kuptsov, Takunov,
2006).
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It should be mentioned that lupine alkaloids are widely used
in medicine and pharmacology as ganglionic blockers, anti-
arrhythmic agents, etc. (Hatzold et al., 1983). At present, the
antimicrobial effect of lupine alkaloids is actively researched
(Erdemoglu et al., 2007), so there is also a need to search for
accessions with increased concentrations of total alkaloids
or with higher contents of individual compounds within this
group (Williams et al., 1984).

Up to 120 alkaloids have been identified in the composi-
tion of plant tissues in Lupinus angustifolius. Among them,
lupanine is the dominating one (50-70 % of the total alka-
loids); the shares of 13-hydroxylupanine and angustifoline are
ca. 12-30 and 10 %, respectively (Frick et al., 2017). Minor
lupine alkaloids, such as pachycarpine, lupinin and matrine,
are chemical modifications of the above mentioned alkaloids
(Wink, 1987). Qualitative composition of alkaloids does not
differ across various forms and varieties of narrow-leaved
lupine: all accessions contain the same alkaloids in different
proportions (Krasilnikov, Pankina, 2006).

Selection of a method for extraction of these compounds
from raw plant material is a paramount stage in the biochemi-
cal analysis of alkaloids, determining the accuracy of results
during quantitative and qualitative evaluation. The ways to
extract alkaloids rapidly from small amounts of material are
quite numerous (Adejoke et al., 2019). However, each of them
has its individual drawbacks: low performance, very labor-
consuming operations, a need for large amounts of toxic and
expensive solvents, etc. (Zharylgasina et al., 2014). Besides,
most of these techniques would require the use of alcohols,
ionic liquids or other solvents non-selective in their hydro-
philic/hydrophobic pattern, which complicates purification
of alkaloids by removing admixed low-molecular-weight
metabolites (mono- and oligosaccharides, alcohols, free amino
acids, organic acids, etc.).

Presently, the efficiency and intensity of extraction proces-
ses are increased using alternative, resource-saving techno-
logies, specifically microwave/ultrasound treatment (Popova,
Potoroko, 2018).

Basic methods to evaluate qualitative and quantitative
alkaloid composition are high-performance liquid chroma-
tography (HPLC) and gas chromatography coupled to mass
spectrometry (GC-MS). Most researchers favor HPLC-MS.
Gas chromatography, however, makes it possible to achieve
the same resolution and precision with less time and labor
expenditures. Liquid chromatography prefers extracts contain-
ing alkaloids in the form of salts, while gas chromatography
in the form of bases (Markova et al., 2003).

This paper describes and characterized the alkaloid extrac-
tion techniques tested by us on narrow-leaved lupine seeds
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to select an optimal one for identification of their qualitative
and quantitative composition by means of GC-MS, suitable
for mass screening of accessions from the lupine collection
held by VIR.

Materials and methods

The research material were seeds of cultivar “Oligarkh”,

a high-alkaloid green-manure variety of narrow-leaved lupine

(k-3814) from the collection of the N.I. Vavilov Institute

of Plant Genetic Resources (VIR), grown according to the

guidelines developed by VIR (Vishnyakova et al., 2018), on
the experimental fields in the town of Pushkin (St. Petersburg)
in 2016, and harvested in the phase of full ripeness.

Four ways to obtain alkaloid-containing extracts were
tested in the process of research (hereinafter: A, B, C and D
procedures). Before extraction, lupine seeds were crushed with
a hammermill into thinly dispersed flour. Then alkaloids were
extracted from the flour by the following methods.

Extraction procedure A makes it possible to produce alka-
loids in the form of bases (Mironenko, 1966). It was divided
into two versions, A, and A,:

A, — 2 g of lupine seed flour was mixed with diethyl ether,
supplemented with chloroform and a 5 % water solution
of NaOH in ratio 10:5:1;

A, —2 g of flour was mixed with ethyl acetate, supplemented
with a concentrated ammonia solution in ratio 8:1.

Both solutions, A, and A,, were treated according to the
same pattern: they were left for 16—18 hours at 4 °C; after
that, they were filtered through Whatman ash-free filter paper
(0.45 pum, Merck, Germany) and Millipore polytetrafluoro-
ethylene syringe filters (diameter 25 mm, pore size 22 pum,
Ireland) to remove solid residues of plant material. As a result,
samples A, and A, were produced.

Procedure B was employed to obtain acid salts of alkaloids:
10 mL of sample A, was mixed with a 1 % water solution
of hydrochloric acid in ratio 1:1. After that, the water layer
containing alkaloid salts was isolated (sample B) (Mironenko,
1966).

The C and D techniques make it possible to extract native
forms of alkaloids as salts of organic acids using certain ex-
tractants (methanol or chloroform).

Procedure C is an intensified technique to obtain native
forms of alkaloids, based on ultrasound application. Lupine
seed flour (0.3 g) was mixed with methanol (1 mL). The
resulting mixture was treated for 30 min with ultrasound in
an Elmasonic S30H bath (Germany), ultrasonic wave length
220 nm, and later infused for 8 hours at +4—6 °C (sample C).

Procedure D: lupine seed flour (250 mg) was mixed with
chloroform (1 mL). The mixture was infused for 16—18 hours
at +4-6 °C (sample D) (Zharylgasina et al., 2014).

After infusion, samples C and D were centrifuged for
15 min on an Eppendorf 5415C Centrifuge (Germany) at
8000 rpm. The supernatant was collected for further analysis.
Then, 100 pl portions of samples A, B, C and D were dried
according to the same pattern using the vacuum concentrator
Savant™ SpeedVac™ (USA).

The resulting solid residues of samples A, B, C and D were
silylated by adding 20 pl of N,O-Bis(trimethylsilyl)trifluo-
roacetamide. The mixture of trimethylsilyl ethers was sepa-
rated on an Agilent HP-5MS capillary column (5 % phenyl,
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95 % methylpolysiloxane; 30.0 m, 250.00 um, 0.25 pm), at
the inert gas speed of 1.5 mL/min, employing a gas chromato-
graph (Agilent 6850 Network GC System) with a quadrupole
mass-selective detector (Agilent 5975B VL MSD), produced
by Agilent Technologies, Inc. (USA). Heating program: from
+170 to +320 °C, heating rate: 4 °C/min. Mass spectrometer
detector temperature: +250 °C, injector temperature: +300 °C,
sample size: 1.2 pl. Sample A, was analyzed with GC-MS
without additional conversion (without silylation).

Acid salts of alkaloids (sample B) were separated using
a liquid chromatograph (Agilent Technologies Series 1200,
USA) on an Agilent Zorbax SB-C18 column (150 mm; 3 mm;
1.8 um) at a gradient elution mode from 1.000 to 0.425 deio-
nized water/acetonitrile. Elution speed: 50.00 pl/min. Sample
size: 0.5 pl.

The following commercial standards were used to identify
alkaloids: 900263 for sparteine (Sigma-Aldrich, USA); ALB-
RS-1465 for lupanine (ALB Technology Limited, USA);
sc-481026 for angustifoline, and sc-490845 for 13-hydroxylu-
panine (Santa Cruz Biotechnology, USA). As an internal stan-
dard for quantitative calculation of alkaloid content, the com-
mercial standard for caffeine, 142833 (PanReac AppliChem,
ITW, USA) was used, in the 1 pg/ul concentration.

Statistical analysis. The results obtained were processed
using the AMDIS and UniChrom software. Statistical data
processing was made using the Statistica 7.0 software package;
it included ANOVA and factor analysis of correlation matrix.

Results

Five alkaloids typical for lupine seeds were identified in the
extracts produced by all tested extraction procedures (A, A,,
B, C and D) where GC-MS was used: lupanine, 13-hydroxy-
lupanine, sparteine, angustifoline and isolupanine (Fig. 1,
a—e). To control the fullness of alkaloid extraction from
the plant material under different techniques of quantita-
tive sample preparation with GC-MS, acid salts of alkaloids
(sample B) were analyzed by means of HPLC, because this
type of chromatography is most frequently used while study-
ing plant alkaloids (see Fig. 1, /). In this case, the same set
of alkaloids was identified as with GC-MS. The analysis of
acid salts (sample B) with HPLC showed that the amounts
of lupanine, 13-hydroxylupanine, angustifoline, sparteine
and isolupanine were 259.63; 46.51; 56.00; 20.87 and
2.31 mg/100 g (67.38; 12.07; 14.53; 5.42 and 0.6 % of the
total alkaloids), respectively. Using GC-MS to analyze sample
B demonstrated practically the same results (257.93; 46.23;
54.92;20.12 and 2.07 mg/100 g, or 67.65; 12.13; 14.40; 5.28
and 0.54 %, respectively).

Lupanine was the dominating alkaloid in all samples ana-
lyzed with GC-MS: its content varied from 317.86 (sample A )
to 196.43 mg/100 g (sample D), or from 77.60 to 90.63 % of
the sum of all alkaloids identified in the respective samples.
The next in amount in the alkaloid composition of lupine
seeds were 13-hydroxylupanine and angustifoline. The con-
tent of 13-hydroxylupanine varied from 9.67 (sample D) to
58.42 mg/100 g (sample A,), which corresponded to 4.46
and 13.72 %. The content of angustifoline ranged from 54.92
(sample B) to 9.33 mg/100 g (sample D), and from 14.40 to
4.30 % (sample D). The levels of sparteine were significantly
lower: from 20.12 (sample B) to 1/10 mg/100 g (sample D),
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Fig. 1. Chromatograms of the samples: a - A;; b - A,; ¢ - G d - D; e - B, obtained by GC-MS; f - chromatogram of acid salts
of the alkaloids obtained by HPLC-MS. Alkaloids: st — standard; 7 - sparteine; 2 — lupanine; 3 — angustifoline; 4 — isolupanine;

5 - 13-hydroxylupanine.

corresponding to 5.28 and 0.51 %, respectively. The minimum
content was recorded for isolupanine: from 2.07 (sample B)
to 0.12 mg/100 g (sample C), or 0.54 and 0.05 % (Table).

The results confirmed that the qualitative and quantitative
composition as well as the ratios of alkaloids in the samples
practically coincided in both, GC-MS and HPLC, versions (see
Fig. 1, ¢, /). Thus, alkaloid extraction from lupine seeds had
the best outcome with the A, and B techniques, while the C
and D extraction procedures mostly isolated the dominant
alkaloid, lupanine.

The least labor- and time-consuming alkaloid extraction
procedure for lupine seeds was the C technique (only nine
hours, requiring direct involvement of a researcher). Time
expenditures for the A, A,, B and D procedures were almost
the same (from 19 up to 22 hours).

The most laborious way of sample preparation (the largest
number of manipulations) was producing acid salts of alka-
loids (the B technique).

The analysis of variance showed that the alkaloid extraction
techniques tested by us on narrow-leaved lupine seeds had

832

significant differences among them, both in the total alka-
loid content and in concentrations of individual compounds
(Fig. 2). For example, the A procedure in both versions (A, and
A,) proved the most efficient for extracting dominating alka-
loids, i.e., lupanine and 13-hydroxylupanine, and the sum of
alkaloids (see Fig. 2, @). To isolate sparteine and angustifoline,
the B technique was the best (see Fig. 2, ¢, b). The amount of
isolupanine extracted with all sample preparation techniques
did not exceed 2.2 mg/100 g and was the lowest. In the case of
isolupanine content, no significant differences were observed
among the tested techniques (see Fig. 2, ¢). The use of the C
and D procedures demonstrated the lowest values of both the
sum of extracted alkaloids and their individual fractions, so
they proved to be the least effective (Fig. 2, a—c).

Analyzing the system of correlations between the content
and the percentage of the identified alkaloids under different
extraction techniques helped to identify two factors, embracing
95.9 % of the variation in the set of the data obtained.

Factor 1 (58.5 % of variability) was associated with the
variations in the content and percentage of sparteine, angus-
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The content of main alkaloids in the seeds of the lupine cultivar “Oligarkh”
under various extraction options, mg/100 g, and % of the total amount of identified alkaloids

Sample  Lupanine 13-hydroxylupanine Sparteine Angustifoline Isolupanine Total alkaloids
mg/100 g % mg/100 g % mg/100 g % mg/100 g % mg/100 g % mg/100 g
A, 317.9+6.1 776 483+6.2 11.8  11.8+£6.9 2.8 31.0£3.1 7.6 0.62+0.1 0.2 409.6+12.3
A, 306.7+3.3 720 584+54 13.7 18.6+5.1 43 40.6+3.9 9.5 1.59+0.1 04 4259+11.1
B 257.9+4.8 67.7 46.2+7.1 121 20.1+£5.7 52 549+6.2 144  2.07+0.1 0.5 381.3+13.2
HPLC 259.6+2.2 673 46.5+3.2 121 209+53 54 56.0+4.3 145 231x0.1 0.6 385.4+10.3
C 219.2+4.1 87.0 16.2£6.3 6.4 22x1.1 0.9 14.2+6.0 5.6 0.12+0.1 0.1 2519+124
D 196.4+6.1 90.6 9.7+48 4.5 1.1£1.0 0.5 9.3+9.2 43 0.21+0.2 0.1 216.7+14.8
Note. HPLC - high-performance liquid chromatography.
a b c
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Fig. 2. ANOVA of the content (mg/100 g) of the total alkaloids and lupanine (a), 13-hydroxylupanine and angustifoline (b), sparteine and isolupanine (c)
in the seeds of the lupine cultivar “Oligarkh” measured under various extraction techniques (A, B, Cand D).

tifoline and isolupanine, while factor 2 (37.4 %) with that of
lupanine and 13-hydroxylupanine. The A and B extraction
techniques were found to differ considerably in the factor
structure of the variables from the C and D ones. The C and
D procedures formed a separate group, because the results
obtained with them had no statistically significant differences
between them (Fig. 3).

Discussion

Lupine alkaloids are attributed to the quinolizidinic group
and contain one (lupanine and 13-hydroxylupanine) or two
(sparteine) condensed quinolizidine nuclei. For all lupine
alkaloids, their molar mass does not exceed 300 g/mol.
A peculiar structural feature of an alkaloid molecule is the
presence of an undivided pair of electrons in a nitrogen atom
(Orekhov, 1955; Roberts, Wink, 2013), which explains their
properties that determine the specific nature of the techniques
of their extraction from plant tissues. Alkaloids are present in
plants mostly as salts, because they interact with organic acids
contained in plant cells, which should be taken into account
while selecting an extraction method (Mironenko, 1966). In
the form of bases, alkaloids are readily soluble in chloroform,
ether or ethyl acetate, but practically insoluble in water; on
the contrary, in the form of salts, they are water-soluble, but
insoluble in organic solvents. A water solution of NaOH or,
less frequently, ammonia is used as an alkaline agent for ex-
traction of alkaloids as bases. Ultrasound is used to improve
the extraction kinetics and increase the outcome of the target
product (Vilkhu et al., 2008; Popova, Potoroko, 2018).

25

20 PS

-0.5 0 0.5 1.0 1.5
Factor 1

Fig. 3. Results of a factor analysis of alkaloid composition and content
in the seeds of the lupine cultivar “Oligarkh” measured under various
extraction techniques (A, B, Cand D).

Considering these specific features, we applied different ex-
tractants to retrieve alkaloids from narrow-leaved lupine seeds:
both hydrophobic (chloroform, ethyl acetate, and diethyl
ether) and hydrophilic ones (methanol, and water solution of
hydrochloric acid). All alkaloids typical for the studied species
were identified in all extracts produced under all versions of
sample preparation (Krasilnikova, Pankina, 2006; Erdemoglu
etal., 2007). With all applied extraction techniques, lupanine

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING 833



A.V. Kushnareva, T.V. Shelenga, I.N. Perchuk ...
Yu.A. Kerv, A.L. Shavarda, M.A. Vishnyakova

was the dominant alkaloid, followed in descending order by
13-hydroxylupanine, sparteine, angustifoline and isolupanine,
which is also in line with the published data (Smirnova, 1938;
Pankina, Borisova, 2015). However, the rates of alkaloid ex-
traction under different sample preparation procedures were
different. The maximum amounts of alkaloids were registered
for the extracts obtained with the A technique (versions A,
and A,). Another advantage of this technique was the least
amounts of extracted accompanying compounds, compared
with other procedures (Zharylgasina et al., 2014). Extraction
with chloroform or methanol (C and D techniques), enabling
aresecarcher to isolate alkaloids in the form of free bases, was
the cheapest and the least labor-consuming in our research;
its application led mostly to the extraction of lupanine. Since
long ago, lupanine and sparteine have been numbered among
the most toxic alkaloids (Couch, 1926).

In our research, under all sample preparation techniques,
lupanine was present in the extracts in maximum amounts —
from 67.4 t0 96.0 %. At the same time, the amount of sparteine
was many times (from 20 to 200, or more) lower, depending
on the way of extraction. Therefore, we assumed that the
least expensive sample preparation procedures, when mostly
lupanine was extracted, might be used for a screening assess-
ment of “alkaloidization” in large numbers of accessions, i.e.,
a collection of narrow-leaved lupine genetic resources. Con-
centrations of lupanine in seeds, measured by such techniques,
would help to understand whether such alkaloid content should
be deemed fit to regard the lupine variety in question suitable
for food or feed purposes. It was observed in our research
that simplifying the composition of extractants to a single
component, comparted with the A procedure where they were
multicomponent, led to an almost twofold reduction in the
extraction of the total alkaloids (see Fig. 2, a). The most la-
borious and lengthy technique, when alkaloids were extracted
in the form of salts, was the B procedure. When applied, this
technique led to lesser extraction of the dominating alkaloids
in narrow-leaved lupine (lupanine and 13-hydroxylupanine)
than with the A technique, but sparteine and angustifoline were
isolated to a greater extent than with the other methods. The
total sum of alkaloids was lower than with the extraction by
the A technique, but higher than with the C and D procedures,
which proved less labor-consuming and the most cost-effective
as far as financial aspects are concerned.

Conclusion

A comparison among all tested techniques of alkaloid ex-
traction from narrow-leaved lupine seeds has shown that the
A procedure (versions A, and A,) seems the most effective
for quantitative assessment. This technique, involving multi-
component extractants containing an alkaline agent, has suf-
ficient capacity and good reproducibility, which gives enough
reason to regard it as reliable for evaluation of germplasm
collection holdings and for most precise measurement of total
alkaloid concentrations and amounts of individual alkaloids.
However, as an alternative way to perform mass screening
of large numbers of accessions, it is possible to employ the
sample preparation procedure where only one solvent is
used (methanol or chloroform). It will enable a researcher
to measure the amount of lupanine, the dominant alkaloid in
narrow-leaved lupine seeds, identify a permissible alkaloid

834

Selection of the optimal method for screening
of narrow-leaved lupine collection for alkaloid content

content determining food or feed purposes of an accession,
and categorize accessions from the collection according to
their alkaloid content (high-, medium- and low-alkaloid). De-
spite the fact that most researchers use HPLC-MS to identify
alkaloids, our study has shown that gas chromatography may
be used with the same resolution and accuracy, but requires
less time and labor inputs.
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Candidate genes for productivity
identified by genome-wide association study
with indicators of class in the Russian meat merino sheep breed
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Abstract. Genome-wide association studies allow identification of loci and polymorphisms associated with the for-
mation of relevant phenotypes. When conducting a full genome analysis of sheep, particularly promising is the study
of individuals with outstanding productivity indicators — exhibition animals, representatives of the super-elite class.
The aim of this study was to identify new candidate genes for economically valuable traits based on the search for
single nucleotide polymorphisms (SNPs) associated with belonging to different evaluation classes in rams of the Rus-
sian meat merino breed. Animal genotyping was performed using Ovine Infinium HD BeadChip 600K DNA, associa-
tion search was performed using PLINK v. 1.07 software. Highly reliable associations were found between animals
belonging to different evaluation classes and the frequency of occurrence of individual SNPs on chromosomes 2, 6,
10, 13, and 20. Most of the substitutions with high association reliability are concentrated on chromosome 10 in the
region 10: 30859297-31873769. To search for candidate genes, 15 polymorphisms with the highest association reli-
ability were selected (-log,o(p) > 9). Determining the location of the analyzed SNPs relative to the latest annotation
Oar_rambouillet_v1.0 allowed to identify 11 candidate genes presumably associated with the formation of a complex
of phenotypic traits of animals in the exhibition group: RXFP2, ALOX5AP, MEDAG, OPN5, PRDM5, PTPRT, TRNAS-GGA,
EEF1A1, FRY,ZBTB21-like, and B3GLCT-like. The listed genes encode proteins involved in the control of the cell cycle and
DNA replication, regulation of cell proliferation and apoptosis, lipid and carbohydrate metabolism, the development
of the inflammatory process and the work of circadian rhythms. Thus, the candidate genes under consideration can
influence the formation of exterior features and productive qualities of sheep. However, further research is needed
to confirm the influence of genes and determine the exact mechanisms for implementing this influence on the phe-
notype.

Key words: sheep; SNP; genome-wide association study; GWAS; candidate gene; Russian meat merino.
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l'eHBI-KaHOUOATHI IPOAVKTUBHOCTU, BbISIBJIEHHbIE
IIPY IIOJTHOT€HOMHOM ITOMCKEe aCCOLali ¢ ImoKasaTeassMu
KJIACCHOCTMY V OBeIl ITOPOAbI POCCUMCKUI MSICHO MEePUHOC

A.JO. Kpusopyuko, O.A. Aupik @, E.IO. Cadapsn

Bcepoccuiickin HayUHO-MCCIe0BaTeNbCKUI MHCTATYT OBLIEBOACTBA U KO30BOACTBA — prnnan Cesepo-KaeKasckoro depepanbHoro
HayuHOTO arpapHoro LueHTpa, CraBpononb, Poccus
® e-mail: malteze@mail.ru

AHHoTauuA. MONHOreHOMHbIN MOUCK accoumaLmin No3BonAeT AeHTUOULMPOBATL JIOKYCbl U OTAESbHbIE NMOANMOpP-
$u3Mbl, cBA3aHHbIE ¢ GOPMUPOBaHMEM MHTepecyoWwnX GeHOoTUNOoB. MNpy NONHOreHOMHOM aHanu3e y oBel, 0cobo
nepcrnekTVBHbIM MPEeACTaBiAeTcA M3yyeHne ocobel, OTIMYAKLMXCA BbIAAOWMMUCA MOKasaTenaMn npoayKTuB-
HOCTU — BbICTAaBOYHbIX MBOTHbIX, MpeAcTaBUTeNen Knacca «cynepanuta». Llenblo HacToAwero mccnepgoBaHuA
ABUJIOCb BbIAAB/IEHVE HOBbIX FeHOB-KaHAMAATOB XO3ANCTBEHHO L@HHbIX NMPU3HAKOB Ha OCHOBE MOWCKA OfHOHYK-
NeoTULHbIX NONMMOPPM3MOB, aCCOLMMPOBAHHDBIX C NMPUHALNEKHOCTbIO K Pa3inyHbiM GOHUTUPOBOYHBIM Kilaccam,
y 6apaHoOB Nopofbl POCCUNCKNIA MACHOW MePUHOC. [eHOTUMMPOBaHME »KMBOTHBIX BbIMOIHEHO C MCMOMb30BaHEM
[HK-6nounnos Ovine Infinium HD BeadChip (600K), nonck accouunaumii — ¢ NCnonb3oBaHUEM MPOrpaMmHoro obec-
neyenna PLINK v. 1.07. BbiaBneHbl BbICOKOAOCTOBEPHbIE accoumaumm Mexay NpuHaaIeXXHOCTbIO KUBOTHbIX K pas-
NNYHBIM GOHUTUPOBOYHbBIM KJflacCaM U YacTOTOM BCTPEYAEMOCTM OTAENbHbIX OfHOHYKNEOTUAHbIX NoAnMopdr3moB
Ha xpomocomax 2,6, 10, 13 n 20. bonbluasa yacTb 3aMeH C BbICOKOM fOCTOBEPHOCTbIO aCCOLUMaLNN CKOHLEHTPUPOBaHa
Ha xpomocome 10 B obnactn 30859297-31873769. [1ns noncka reHoB-KaHANAATOB 0TO6paHo 15 nonnmopdursmos ¢
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leHbl-KaHAMAATbI NPOAYKTUBHOCTY MPU MOSTHOFEHOMHOM
NMomncKe accoumaLmin C moKasaTenAaMm KNacCHOCTW y oBely

Hanbonbluen AOCTOBEPHOCTbIO accoumaumin (-log,q(p) > 9). OnpeneneHrie MeCTONONOXKEHNA aHANN3NPYEMbIX OfHO-
HYKNIEOTUAHbIX NOAMMOPGU3MOB OTHOCUTENTbHO HOBeWwwel aHHoTauumn Oar_rambouillet_v1.0 no3sonuno BbIABUTH
11 reHOB-KaHAMAATOB, MPEAMNONOXKNTENBHO, CBA3AHHbIX C GOPMUPOBaHMEM KOMMNEKca peHOTUNNYECKMX MPU3HAKOB
YKMBOTHBIX BbICTaBOUHOW rpynnbl: RXFP2, ALOX5AP, MEDAG, OPN5, PRDMS5, PTPRT, TRNAS-GGA, EEF1A1, FRY, ZBTB21-like
1 B3GLCT-like. MepeyuncneHHble reHbl KOAMPYIOT 6enku, BOBIeYEHHbIE B KOHTPOb KIIETOYHOTO LKA 1 penankauum
OHK, perynaumio nponndepaumm 1 anonTosa KNeToK; yyacTByloLMe B IMNVAHOM 1 YINeBOAHOM oOMeHax, pa3BuTimn
BOCManMTeNbHOro npouecca 1 paboTte LMpPKagHbIX PUTMOB. brarofapa sTomy paccmaTpriBaeMble reHbl-KaHAMAATbI
MOTYT BNATb Ha GOPMUPOBaHME SKCTEPbEPHBIX 0COGEHHOCTEN 1 NPOAYKTUBHbIE KauecTBa oBell. OfHako Heobxopu-
Mbl JanbHelLe NCCNefoBaHNA, HanpaBfieHHble Ha NOATBEPXKAEHWE BAVAHUA FeHOB 1 OnpefesneHre TOYHbIX Mexa-

HN3MOB 3TOro BO3AeNCTBMA Ha d)eHOTVII'I.

KntoueBble cnoBa: 0BLa; OAHOHYKNEOTVAHBIN NONUMOPGU3M; NOTHOFEHOMHbIV MOUCK acCoLMALMIA; MOSIHOrEHOMHbI
aHanm3 accouraunii; reH-KaHamaaT;, POCCUNCKII MACHOW MePUHOC.

Introduction

Genome-wide association study (GWAS) is a modern and
powerful tool for identifying loci and individual polymor-
phisms associated with economically important traits in vari-
ous species of productive animals (Georges et al., 2019). Loci
associated with reproductive qualities (Abdoli et al., 2019),
resistance to parasitic diseases (Yan et al., 2017), indicators of
wool (Wang Z. et al., 2014), milk (Garcia-Gamez et al., 2012)
and meat productivity (Rovadoscki et al., 2018; Zhang T. et
al., 2019) were identified in the sheep genome using GWAS
tools.

Most of these studies identify associations with a specific
performance trait characteristic of the breed under study. In
our opinion, the search for loci associated not with individual
parameters of productivity, but with a complex of pheno-
typic characteristics that determine the breeding value and
class of sheep during grading is of particular interest. The
division of sheep into classes is carried out according to the
aggregate level of wool and meat productivity, constitutional
characteristics and the degree of compliance with the breed
standard. The most valuable is the study of rare genotypes of
outstanding representatives of the breed — exhibition animals,
according to the results of the appraisal assigned to the super-
elite class. Identification of genetic markers of class opens
up opportunities for genetic assessment, selection of highly
productive animals and optimal selection of parental pairs
capable of transferring their economically valuable charac-
teristics to offspring.

The most common approach of GWAS is to search for as-
sociations with the analyzed quantitative trait (for example,
live weight) (Gudmundsdottir, 2015). But in the case of a
search for associations with belonging to the super-elite class
associated with a relatively small sample size, it is advisable
to use a non-quantitative analysis approach of the case-control
type. In such an analysis, an individual carrying the phenotypic
trait of interest gets into the case group, and the individual
without the qualities of interest into the control group (Gud-
mundsdottir, 2015). Previously, non-quantitative analyzes
have been successfully performed in sheep for white wool/
non-white wool traits (Kijas et al., 2013), multiple pregnancy/
non-multiple pregnancy (Xu et al., 2018), high muscle mass/
low muscle mass (Gudmundsdottir, 2015). If associations with
class are identified during GWAS, the phenotype of an animal
of the super-elite class can be designated as “case”, and the
phenotype of the main herd as “control.”

It seems promising to conduct a search for genome-wide
associations in animals of the Russian meat merino breed,
which combines high wool and meat productivity. Sheep of
the Russian meat merino breed exceed the current minimum
requirements for sheep of the meat-wool production type in
terms of live weight and shearing of washed wool. The aver-
age live weight of stud rams is 107 kg, and the live weight of
super-elite rams reaches 121 kg (Amerkhanov et al., 2018).
Animals are characterized by a strong constitution, hornless
rams and ewes, thick, thin and even hair, high vigor and pro-
nounced meat forms (Selionova et al., 2017).

In this regard, the purpose of this study was to identify new
candidate genes for economically valuable traits based on the
search for single nucleotide polymorphisms (SNPs) associated
with belonging to different grading classes in Russian meat
merino breed.

Materials and methods
The studies were carried out on the basis of the laboratories
of the All-Russian Research Institute of Sheep and Goat
Breeding — branch of the North Caucasus Federal Scientific
Agricultural Center (Stavropol, Russia), the Skolkovo Institute
of Science and Technology “Skoltech” (Moscow, Russia), the
Scientific Diagnostic and Veterinary Medicine Center of the
Stavropol State Agrarian University (Stavropol, Russia), stud
farm “Vtoraya Pyatiletka” of the Stavropol region (Russia).
The object of the study was the Russian meat merino sheep,
12 months old (n = 54), belonging to the breeding group.
Based on the results of the assessment carried out, 49 rams
were assigned the elite class, they made up the control group
(Fig. 1, a). Five animals were characterized as super elite. The
latter, as outstanding individuals, were selected into the group
of exhibition animals and were characterized as animals with
the “case” phenotype parameter (Fig. 1, b). All rams were
clinically healthy.

Quality control of genotyping

Quality control of genotyping was carried out using the PLINK
v. 1.07 software (Purcell et al., 2007). The data processing
included samples with an indicator of the number of detected
SNPs (call rate) greater than 0.95. SNPs with no chromosomal
or physical localization, with the minor allele frequency less
than 0.01, and the missing genotypes frequency (missing
genotype) more than 0.1 were excluded from the analysis. The
value p = 0.0001 was used as the threshold value according
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Fig. 1. Russian meat merino sheep breed: a - phenotype “case’, b - phenotype “control.”

to the Hardy—Weinberg equilibrium criterion by the Fisher
method. With a positive result, 54 samples passed the quality
control of genotyping (5 samples of the “case” phenotype,
49 samples of the “control” phenotype). From 606,006 SNPs,
521,829 polymorphisms were used for further analysis.

Genetic and statistical analysis

A genome-wide search for associations was performed using
the PLINK v. 1.07 software, the assoc function (Purcell et al.,
2007) based on the assessment of the significance of the SNP
influence on the attribution class. To confirm the significance
of differences in multiple comparisons, the p-score with Bon-
ferroni’s correction was used. Visualization and plotting were
performed using the QQman package in the R programming
language. The search for candidate genes was carried out
among the nearest genes located at a distance not exceeding
200,000 bp from SNP, which showed significant differences in
the occurrence among animals of the studied groups. In con-
nection with the appearance of updated assemblies of the sheep
genome containing updated information on the location and
sequences of encoded genes, the location of analyzed SNPs
was estimated using the current annotation Oar rambouil-
let v1.0. Gene annotation was performed using the tools of
the National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov).

Results

As aresult of a genome-wide associations search between the
frequency of occurrence of individual SNPs and the animals
belonging to the exhibition group, more than 50 single nucleo-
tide substitutions were identified that passed the confidence
threshold, determined taking into account the Bonferroni
correction. The threshold for —log,,(p) values was 0,95*7,
the top line in the Manhattan plot (Fig. 2).

The results of the differences significance distribution
assessment for 26 chromosomes are shown in the quantile-
quantile plot. Beginning with —log,,(p) > 2, a deviation from
the theoretically expected distribution is observed if the null
hypothesis is confirmed (Fig. 3).

838

0 1 2 3 4 6 8 10 13 16 19
Chromosome

Fig. 2. Manhattan plot of the results of the GWAS with -log;4(p) values for
investigated SNP.
Here and also in Fig. 4 the lower line indicates the threshold of the expected

significance of differences at the value -log;(p) = 5, the upper line indicates
the threshold of high significance of differences at the value of -logo(p) = 7.

—_
N

Observed -log;((p)

o N B O

0 1 2 3 4 5 6 7
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Fig. 3. Quantile-quantile plot for the probabilities of the distribution of
the validity of SNP estimates throughout the genome.

The largest number of significant associations was found
for polymorphisms located on chromosome 10 (Table). The
Manbhattan plot shows that the substitutions with the highest
confidence value are located relatively close to each other
(Fig. 4, a).

In a more detailed analysis of their localization, it was found
that most of them are concentrated in the region with coor-
dinates from 30859297 to 31873769 1 Mb in length, which
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Characterization of the SNP with the highest reliability indicators of association
with the exhibition group of animals during the GWAS
Polymorphism Chromosome/ Gene/distance Al F_A F_U A2 p
position (base pair)
rs427646265 10/30895552 RXFP2/68303 A 0.60 0.01 G 5.34e-13
EEF1A1/66476
FRY /71725
rs420098635 10/30911879 RXFP2/51976 A 0.60 0.01 C 5.34e-13
EEF1A1/50149
FRY /88052
rs426516358 10/30964378 RXFP2/in exon G 0.60 0.01 A 5.34e-13
rs424203328 10/31020356 RXFP2/in intron A 0.60 0.01 G 5.34e-13
rs417953503 2/4742955 ZBTB21-like/ 145998 G 0.50 0.00 A 7.62e-13
TRNAS-GGA/ 150781
rs425814243 10/31872355 ALOX5AP/74071 G 0.70 0.03 A 3.49e-12
MEDAG /25922
rs425771944 10/31867999 ALOX5AP/78427 A 0.60 0.02 C 2.62e-11
MEDAG /21566
rs398157763 10/30961940 RXFP2/1915 A 0.70 0.04 G 5.20e-11
EEF1A1/88
FRY/138113
rs408317317 10/30859297 RXFP2/104558 A 0.50 0.01 G 1.19e-10
EEF1A1/102731
FRY /35470
rs414101315 20/22506181 OPN5/in intron A 0.50 0.01 C 1.19e-10
rs426567665 6/5759904 PRDM 5/47457 G 0.40 0.00 A 1.77e-10
rs402834568 13/74521952 PTPRT/in intron G 0.40 0.00 A 1.77e-10
rs400005597 10/31109147 RXFP2/70714 G 0.70 0.05 A 4.95e-10
B3GLCT-like/ 139308
rs402948485 10/31110090 RXFP2/71657 G 0.70 0.05 A 4.95e-10
B3GLCT-like/ 146293
rs425859016 10/31190471 RXFP2/152038 A 0.60 0.03 G 5.44e-10
B3GLCT-like /57984

Note. A1 - minor allele; A2 — major allele; F_A - frequency of minor allele in the exhibition group of animals; F_U - frequency of minor allele in the selection

group.

includes the sequences of 9 different genes. Also, a high re-
liability of associations was revealed for SNPs located on
chromosomes 2, 6, 13, 20. However, on these chromosomes
it was not possible to identify areas with a high concentration
of reliable associations, since the substitutions are located at
a significant distance from each other (Fig. 4, b—e).

To search for candidate genes, 15 polymorphisms were
selected with the highest reliability of associations (-log, ,(p)
> 9), among them one missense mutation in the exon, two
substitutions located in gene introns, and eleven substitutions
located in intergenic areas (see Table).

High reliability of associations was found for the substitu-
tions rs426516358 and rs424203328 located in exon 18 and
intron 1-2 of the RXFP2 gene, as well as for substitutions
located in adjacent intergenic regions. So, the substitutions

rs427646265, 1s420098635, rs398157763, and rs408317317
are localized in the region between the RXFP2 and FRY genes.
Substitutions rs400005597, rs402948485 and rs425859016 —
between genes RXFP2 and B3GLCT-like. The rs425814243
and rs425771944 polymorphisms are located in the region
between the ALOX5AP and MEDAG genes. The single nu-
cleotide substitution rs417953503 is located in the intergenic
region, practically at an equal distance from the ZBTB21-
like pseudogen and the gene encoding tRNA TRNAS GGA.
The rs426567665 polymorphism is located in the intergenic
region, at a distance of 47 kbp from the PRDM5 gene. The
rs402834568 substitution is located in intron 5—6 of the P7-
PRT gene. The 1s414101315 polymorphism, highly reliably
associated with the super-elite group of animals, is located in
intron 4-5 of the OPN5 gene.
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Fig. 4. Manhattan plot that shows the results of the GWAS with —log;4(p)
values for investigated SNPs on chromosomes 10, 2, 6, 13 and 20.
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Discussion

In the presented work, to identify SNPs associated with per-
formance indicators, a non-quantitative analysis of the case-
control type was used, based on comparing the frequency of
SNP occurrence in rams of different grading classes, differing
in breeding value, wool and meat productivity. A similar ap-
proach was previously used to analyze the frequency of SNP
occurrence in rams with high and low muscle mass, differing in
the level of meat productivity. At the same time, 13 candidate
genes for muscle growth and meat productivity were identi-
fied on ten different chromosomes (Gudmundsdottir, 2015).
As a result of our work, 11 candidate genes were identified
on 5 chromosomes, presumably associated with the formation
of'a complex of phenotypic traits demonstrated by animals of
the super-elite class.

Chromosome 10. According to the results of GWAS, one
of the most promising candidate genes, probably associated
with the belonging of animals to different grading classes
in Russian meat merino sheep, is the gene RXFP2 (relaxin
family peptide receptor 2), the gene for the relaxin family
peptide receptor. The RXFP2 receptor mediates the action
of relaxin and insulin-like peptides, which play an important
physiological role in the functioning of the reproductive and
cardiovascular systems (Scott et al., 2012). The expression
level of RXFP?2 positively correlates with the concentration
of testosterone in the blood (Johnston et al., 2011). In sheep,
RXFP?2 is a marker gene for predicting the type and length of
horns (Dominik et al., 2012; Wiedemar, Drogemiiller, 2015;
Duijvesteijn et al., 2018). Thus, some substitutions associated,
according to the results of our studies, with the phenotype of
the exhibition animal, were previously proposed to predict
the phenotype of the horn. Substitution of rs426516358 in
exon 18 of the RXFP2 gene leads to a change in the encoded
amino acid (p.Leu687Phe). According to the results of studies
by N. Duijvesteijn et al. (2018), male merino sheep with the
GG genotype for the replacement rs426516358 will always
be hornless. The substitution rs408317317 has been proposed
as a marker of the hornless phenotype for Australian merino
sheep (Dominik et al., 2012); its relationship with the type,
length, and circumference of the horn base in wild sheep Soay
has been revealed (Johnston et al., 2013). The rs398157763
substitution is also associated with horn characteristics in
wild Soay sheep (Johnston et al., 2011). There is evidence
that, by affecting the formation of horns, polymorphism of the
RXFP?2 gene and adjacent regions also affects reproductive
success and survival in wild sheep. Most interestingly, in our
study, the polymorphism of the RXFP2 gene and its flanking
regions was associated with the conformation characteristics
of hornless rams.

Promising candidate genes are also genes located in rela-
tive proximity to the RXFP2 gene and polymorphisms with
a high reliability of associations: genes FEF /A1, FRY, and
B3GLCT-like. The EEF1A1 gene (elongation factor 1-alpha 1,
LOCI101110773) is 58 bp away from the RXFP2 gene in its
3'-flanking region. In humans, the EEF'141 gene is responsible
for the enzymatic delivery of aminoacyl tRNAs to the ribo-
some and is involved in the maintenance of cell homeostasis
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as a regulator of proliferation and apoptosis (Dapas et al.,
2020). The substitution rs398157763 considered in sheep as
a marker of polledness is located at a distance of 88 bp from
the EEF1A41 gene. The FRY gene (protein furry homolog,
LOCI101110521) encodes a protein that interacts with protein
kinases in signaling pathways and induces changes in gene
expression. The FRY protein activates the Hippo/Yap path-
way, which controls the size of internal organs in animals by
regulating cell proliferation and apoptosis (Liu et al., 2019).
The B3GLCT-like gene (beta-1,3-glucosyltransferase-like,
LOC114116650) is a homologue of the B3GLCT gene, which
encodes an enzyme involved in protein metabolism and gly-
cosylation (Weh et al., 2017).

The ALOX5AP and MEDAG genes are located in relative
proximity to the substitutions with high confidence in the asso-
ciations rs425814243 and rs425771944. The ALOX5AP gene
(arachidonate 5-lipoxygenase activating protein) encodes a
protein essential for the synthesis of leukotrienes. It belongs
to the family of non-heme iron oxygenases involved in the
production and metabolism of fatty acid hydroperoxidases. In
sheep, an association of polymorphisms located in the flanking
region of the ALOX5AP gene with the fat tail phenotype was
revealed (Moioli et al., 2015). For fat tailed sheep, the gene
was also considered to be associated with climate adaptation
(Mastrangelo et al., 2019). MEDAG (mesenteric estrogen
dependent adipogenesis) is an adipogenic gene capable of
stimulating the differentiation of preadipocytes into adipo-
cytes, increasing the lipid content and the rate of glucose
uptake by cells. It is expressed predominantly in the cells of
the visceral fat depot (Zhang H. et al., 2012).

Chromosome 2. The rs417953503 polymorphism identified
in the super-elite class is located between the ZBTB21-like
pseudogene (LOC101117056, zinc finger and BTB domain-
containing protein 2 1-like) and the TRNAS GGA transfer RNA
gene (transfer RNA serine, anticodon GGA). The product of
the true gene ZBTB21 is a negative regulator of transcrip-
tion for genes that control cell division and DNA replication
(Wang J. et al., 2005). In humans, a connection between the
ZBTB21 gene polymorphism and the indicator of physical per-
formance was revealed. Interesting that the ZBTB21 gene has
been proposed as a candidate gene associated with tenderness
in beef (Boudon et al., 2020). Transport RNA genes ensure
the delivery of activated amino acid residues to the ribosome
and their incorporation into the synthesized protein chain. The
sheep genome contains 120 copies of the TRNAS-GGA gene.
In merino sheep, a copy of the TRNAS-GGA gene located
on chromosome 6 has been proposed as a candidate gene
associated with body weight at birth (Dakhlan et al., 2018).
In cattle, according to the results of GWAS, polymorphisms
located in the flanking regions of the TRNAS-GGA genes on
chromosomes 6 and 24 are associated with live weight at birth
(Edeactal., 2018) and sperm viability (Kaminski et al., 2016).

Chromosome 6. The closest candidate gene with respect
to the rs426567665 substitution found in the animals of the
exhibition group is the PRDMS5 gene (PR/SET domain 5),
which encodes a DNA-binding transcription factor that affects
the functioning of hematopoietic and microRNA genes. The
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PRDMS5 gene regulates the intensity of synthesis of proteins
involved in the development and maintenance of fibrillar
collagens, connective tissue components, and molecules that
regulate cell proliferation, differentiation, migration, and
adhesion, including the transforming growth factor beta-2
(Burkitt Wright et al., 2011).

Chromosome 13. The rs402834568 substitution was found
in the intron region of the PTPRT (protein tyrosine phospha-
tase receptor type T) gene, which encodes a protein from the
tyrosine phosphatase family that regulates the mitotic cycle,
as well as cell growth and differentiation. The PTPRT gene
is expressed in the cells of the nervous system and regulates
the development of neurons (Lee, 2015). In farm animals,
a connection between the PTPRT gene polymorphism and
resistance to some bacterial and parasitic infections was re-
vealed. In goats, polymorphism is associated with resistance
to brucellosis (Rossi et al., 2017), in cattle, with resistance
to tuberculosis (Bermingham et al., 2014), in Romney sheep,
with resistance to invasion by gastrointestinal nematodes
(Yan et al., 2017).

Chromosome 20. The OPN5 gene (opsin 5) is expressed
in the retina, skin, brain and spinal cord. It encodes the UV-
sensitive photopigment neuropsin, which is involved in the
regulation of circadian rhythms (Buhr et al., 2019). We propose
the OPN5 gene as a candidate gene, since its intron contains
the SNP rs414101315 with high reliability of associations.

Conclusion

In the course of the work done, highly reliable associations
were revealed between the belonging of animals to different
grading classes and the frequency of occurrence of individual
SNPs on chromosomes 2, 6, 10, 13 and 20. Determination of
the location of analyzed SNPs relative to the latest annotation
Oar_rambouillet v1.0. made it possible to identify 11 can-
didate genes, presumably associated with the formation of
a complex of phenotypic traits of animals of the exhibition
group: RXFP2, ALOX5AP, MEDAG, OPN5, PRDMS5, PTPRT,
TRNAS-GGA, EEF1A1, FRY, ZBTB21-like, B3GLCT-like.
These genes encode proteins with a number of important bio-
logical functions involved in the control of the cell cycle and
DNA replication, regulation of cell proliferation and apoptosis,
involved in lipid and carbohydrate metabolism, the develop-
ment of the inflammatory process, and the work of circadian
rhythms. Due to this, the candidate genes under consideration
can influence the formation of conformational characteristics
and productive qualities of sheep. However, further research
is needed to confirm the effect of genes and to determine the
exact mechanisms of this effect on the phenotype.

References

Abdoli R., Mirhoseini S.Z., Ghavi Hossein-Zadeh N., Zamani P.,
Moradi M.H., Ferdosi M.H., Gondro C. Genome-wide associa-
tion study of first lambing age and lambing interval in sheep.
Small Rumin. Res. 2019;178:43-45. DOI 10.1016/j.smallrumres.
2019.07.014.

Amerhanov H.A., Egorov M.V., Selionova M.I., Shumaenko S.N.,
Efimova N.I. A new breed of sheep: Russian meat Merino.
Sel skokhozyajstvennyj Zhurnal = Agricultural Journal. 2018;

FEHETUKA U CENTIEKUNA XXUBOTHDBIX / ANIMAL GENETICS AND BREEDING 841



A.Y. Krivoruchko
O.A. Yatsyk, E.Y. Safaryan

1(11):50-56. DOI 10.25930/0372-3054-2018-1-11-65-71. (in
Russian)

Bermingham M.L., Bishop S.C., Woolliams J.A., Pong-Wong R.,
Allen A.R., McBride S.H., Ryder J.J., Wright D.M., Skuce R.A.,
McDowell S.W., Glass E.J. Genome-wide association study iden-
tifies novel loci associated with resistance to bovine tuberculo-
sis. Heredity. 2014;112(5):543-551. DOI 10.1038/hdy.2013.137.

Boudon S., Henry-Berger J., Cassar-Malek 1. Aggregation of omic
data and secretome prediction enable the discovery of candidate
plasma biomarkers for beef tenderness. In Int. J. Mol. Sci. 2020;
21(2):54-63. DOI 10.3390/ijms21020664.

Buhr E.D., Vemaraju S., Diaz N., Lang R.A., Van Gelder R.N.
Neuropsin (OPNS5) Mediates Local Light-Dependent Induction
of Circadian Clock Genes and Circadian Photoentrainment in
Exposed Murine Skin. Curr: Biol. 2019;29(20):3478-3487. DOI
10.1016/ j.cub.2019.08.063.

Burkitt Wright E.M.M., Spencer H.L., Daly S.B., Manson F.D.C.,
Zeef L.A.H., Urquhart J., Zoppi N., Bonshek R., Tosounidis I.,
Mohan M., Madden C., Dodds A., Chandler K. E., Banka S.,
Au L., Clayton-Smith J., Khan N., Biesecker L.G., Wilson M.,
Black G.C.M. Mutations in PRDMS5 in Brittle Cornea Syndrome
Identify a Pathway Regulating Extracellular Matrix Develop-
ment and Maintenance. Am. J. Hum. Genet. 2011;88(6):767-777.
DOI 10.1016/j.ajhg.2011.05.007.

Dakhlan A., Moghaddar N., Gondro C., Werf J.H.J. Gene by birth
type interaction in merino lamb. Proc. Assoc. Advmt. Anim.
Breed. Genet. 2018;22:45-48.

Dapas B., Pozzato G., Zorzet S., Capolla S., Paolo M., Scaggiante B.,
Coan M., Guerra C., Gnan C., Gattei V., Zanconati F., Grassi G.
Effects of eEF1A1 targeting by aptamer/siRNA in chronic lym-
phocytic leukaemia cells. Int. J. Pharm. 2020;57(4):48-59. DOI
10.1016/j.ijpharm.2019.118895.

Dominik S., Henshall J.M., Hayes B.J. A single nucleotide poly-
morphism on chromosome 10 is highly predictive for the polled
phenotype in Australian Merino sheep. Anim. Genet. 2012;
43(4):468-470. DOI 10.1111/j.1365-2052.2011.02271 .x.

Duijvesteijn N., Bolormaa S., Daetwyler H.D., Van Der Werf J.H.J.
Genomic prediction of the polled and horned phenotypes in
Merino sheep. Genet. Sel. Evol. 2018;50(1):1-11. DOI 10.1186/
s12711-018-0398-6.

Edea Z., Jeoung Y.H., Shin S.S., Ku J., Seo S., Kim L.LH., Kim S.W.,
Kim K.S. Genome—wide association study of carcass weight in
commercial Hanwoo cattle. Asian-Australas. J. Anim. Sci. 2018;
31(3): 327-334. DOI 10.5713/ajas.17.0276.

Garcia-Gamez E., Gutiérrez-Gil B., Sahana G., Sanchez J.P.,
Bayon Y., Arranz J.J. GWA Analysis for Milk Production Traits
in Dairy Sheep and Genetic Support for a QTN Influencing
Milk Protein Percentage in the LALBA Gene. PLoS ONE. 2012;
7(10):1-9. DOI 10.1371/journal.pone.0047782.

Georges M., Charlier C., Hayes B. Harnessing genomic informa-
tion for livestock improvement. Nat. Rev. Genet. 2019;20(3):
135-156. DOI 10.1038/541576-018-0082-2.

Gudmundsdottir O.0. Genome-wide association study of muscle
traits in Icelandic sheep. Agricultural University of Iceland,
2015.

Johnston S.E., Gratten J., Berenos C., Pilkington J.G., Clutton-
Brock T.H., Pemberton J.M., Slate J. Life history trade-offs at a
single locus maintain sexually selected genetic variation. Nature.
2013;502(7469):93-95. DOI 10.1038/nature12489.

Johnston S.E., McEwan J.C., Pickering N.K., Kijas J.W., Beral-
di D., Pilkington J.G., Pemberton J. M., Slate J. Genome-wide
association mapping identifies the genetic basis of discrete and

842

Candidate genes for productivity identified by genome-wide
association study with indicators of class in sheep

quantitative variation in sexual weaponry in a wild sheep popu-
lation. Mol. Ecol. 2011;20(12):2555-2566. DOI 10.1111/j.1365-
294X.2011.05076.x.

Kaminski S., Hering D.M., Olenski K., Lecewicz M., Kordan W.
Genome-wide association study for sperm membrane integrity in
frozen-thawed semen of Holstein-Friesian bulls. Anim. Reprod.
Sci. 2016;170:135-140. DOI 10.1016/j.anireprosci.2016.05.002.

Kijas J.W., Serrano M., Mcculloch R., Li Y., Salces Ortiz J., Cal-
vo J.H., Pérez-Guzman M.D. Genomewide association for a
dominant pigmentation gene in sheep. J. Anim. Breed. Genet.
2013;130(6):468-475. DOI 10.1111/jbg.12048.

Lee J.R. Protein tyrosine phosphatase PTPRT as a regulator of
synaptic formation and neuronal development. BMB Rep. 2015;
48(5):249-255. DOI 10.5483/BMBRep.2015.48.5.037.

LiuY., Chen X., Gong Z., Zhang H., Fei F., Tang X., Wang J., Xu P.,
Zarbl H., Ren X. Fry Is Required for Mammary Gland Develop-
ment During Pregnant Periods and Affects the Morphology and
Growth of Breast Cancer Cells. Front. Oncol. 2019;4(2):1-12.
DOI 10.3389/fonc.2019.01279.

Mastrangelo S., Moioli B., Ahbara A., Latairish S., Portolano B.,
Pilla F., Ciani E. Genome-wide scan of fat-tail sheep identi-
fies signals of selection for fat deposition and adaptation. Anim.
Prod. Sci. 2019;59(5):835-842. DOI 10.1071/AN17753.

Moioli B., Pilla F., Ciani E. Signatures of selection identify loci
associated with fat tail in sheep. J. Anim. Sci. 2015;93(10):4660-
4669. DOI 10.2527/jas.2015-9389.

Purcell S., Neale B., Todd-Brown K., Thomas L., Ferreira M.A.R.,
Bender D., Maller J., Sklar P., Bakker P.I.W., Daly M.J.,
Sham P.C. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 2007,
81(3):559-575. DOI 10.1086/519795.

Rossi U.A., Hasenauer F.C., Caffaro M.E., Neumann R., Salatin A.,
Poli M.A., Rossetti C.A. A haplotype at intron 8 of PTPRT gene
is associated with resistance to Brucella infection in Argentinian
creole goats. Vet. Microbiol. 2017;2(3):133-137. DOI 10.1016/
j-vetmic.2017.06.001.

Rovadoscki G.A., Pertile S.F.N., Alvarenga A.B., Cesar A.S.M.,
Pértille F., Petrini J., Franzo V., Soares W.V.B., Morota G.,
Spangler M.L., Pinto L.F.B., Carvalho G.G.P.,, Lanna D.P.D.,
Coutinho L.L., Mourao G.B. Estimates of genomic heritabil-
ity and genome-wide association study for fatty acids profile in
Santa Ines sheep. BMC Genom. 2018;19(1):1-14. DOI 10.1186/
s12864-018-4777-8.

Scott D.J., Rosengren K.J., Bathgate R.A.D. The different ligand-
binding modes of relaxin family peptide receptors RXFP1
and RXFP2. Mol. Endocrinol. 2012;26(11):1896-1906. DOI
10.1210/me.2012-1188.

Selionova M.I., Shumaenko S.N., Efimova N.I. Surov A.l. Bo-
brishov S.S. Target indicators and characteristics of the Russian
Meat Merino breed: Proceedings of the Research Institute for
Sheep and Goat Farming. Sel skokhozyajstvennyj Zhurnal = Ag-
ricultural Journal. 2017;2(10):10-16. (in Russian)

Wang J., Kudoh J., Takayanagi A., Shimizu N. Novel human BTB/
POZ domain-containing zinc finger protein ZNF295 is direct-
ly associated with ZFP161. Biochem. Biophys. Res. Commun.
2005;327(2):615-627. DOI 10.1016/j.bbrc.2004.12.0438.

Wang Z., Zhang H., Yang H., Wang S., Rong E., Pei W,, Li H.,
Wang N. Genome-wide association study for wool production
traits in a Chinese merino sheep population. PLoS ONE. 2014;
9(9):3-10. DOI 10.1371/journal.pone.0107101.

Weh E., Takeuchi H., Muheisen S., Haltiwanger R.S., Semina E.V.
Functional characterization of zebrafish orthologs of the hu-

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8



A.10. Kpnopyuko
O.A. Alupbik, E.FO. CadapsH

man Beta 3-Glucosyltransferase B3GLCT gene mutated in Pe-
ters Plus Syndrome. PLoS ONE. 2017;12(9):¢0184903. DOI
10.1371/journal.pone.0184903.

Wiedemar N., Drogemiiller C.A 1.8-kb insertion in the 3'-UTR of
RXFP2 is associated with polledness in sheep. Anim. Genet.
2015;46(4):457-461. DOI 10.1111/age.12309.

Xu S.S., Gao L., Xie X.L., Ren Y.L., Shen Z.Q., Wang F., Shen M.,
Eyporsdottir E., Hallsson J.H., Kiseleva T., Kantanen J., Li M.H.
Genome-wide association analyses highlight the potential for
different genetic mechanisms for litter size among sheep breeds.
Front. Genet. 2018;6(2):1-14. DOI 10.3389/fgene.2018.00118.

Yan J., Dukkipati V., Blair H.T., Biggs P.J., Hamie J.C., Aw G. A
genome-wide scan of positive selection signature using Ovine

ORCID ID

A.Y. Krivoruchko orcid.org/0000-0003-4536-1814
O.A. Yatsyk orcid.org/0000-0003-2730-2482
E.Y. Safaryan orcid.org/0000-0002-2049-842X

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

2020
248

leHbl-KaHAMAATbI NPOAYKTUBHOCTY MPU NOJHOTEHOMHOM
NMomncKe accoumaLmin C moKasaTenAaMm KNacCHOCTW y oBely

Infinium HD SNP BeadChip in two Romney lines, selected for
resistance or resilience to nematodes. Anim. Genet. 2017;4:
87-94.

Zhang H., Chen X., Sairam M.R. Novel genes of visceral adipos-
ity: Identification of mouse and human Mesenteric Estrogen-De-
pendent Adipose (MEDA)-4 gene and its adipogenic function.
Endocrinology. 2012;153(6):2665-2676. DOI 10.1210/en.2011-
2008.

Zhang T., Gao H., Sahana G., Zan Y., Fan H., Liu J., Shi L., LiuJ.,
Du L., Wang L., Zhao F. Genome-wide association studies re-
vealed candidate genes for tail fat deposition and body size in the
Hulun Buir sheep. J. Anim. Breed. Genet. 2019;6(1):1-9. DOI
10.1111/jbg.12402.

Received May 19, 2020. Revised September 15, 2020. Accepted October 29, 2020.

FEHETUKA W CEJIEKUA XUBOTHbIX / ANIMAL GENETICS AND BREEDING 843



FTEHETUKA N CENEKUNA XKUBOTHbIX BaBrnoBcKuim xXypHan reHeTuKK 1 cenekumm. 2020;24(8):844-852

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.682

Impact of sex on the adaptation of adult mice
to long consumption of sweet-fat diet
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Abstract. In rodents, the most adequate model of human diet-induced obesity is obesity caused by the con-
sumption of a sweet-fat diet (SFD), which causes more pronounced adiposity in females than in males. The aim
of this work was to determine the sex-associated effect of SFD on the expression of genes related to carbohy-
drate-lipid metabolism in adult mice. For 10 weeks, male and female C57BI mice were fed a standard labora-
tory chow (Control group) or a diet, which consisted of laboratory chow supplemented with sweet cookies,
sunflower seeds and lard (SFD group). Weights of body, liver and fat depots, blood concentrations of hormones
and metabolites, liver fat, and mRNA levels of genes involved in regulation of energy metabolism in the liver,
perigonadal and subcutaneous white adipose tissue (pgWAT, scWAT) and brown adipose tissue (BAT) were mea-
sured. SFD increased body weight and insulin resistance in mice of both sexes. Female mice that consumed SFD
(SFD females) had a greater increase in adiposity than SFD males. SFD females showed a decreased expression
of genes related to lipogenesis (Lp/) and glucose metabolism (G6pc, Pkir) in liver, as well as lipogenesis (Lpl, Slca4)
and lipolysis (Lipe) in pgWAT, suggesting reduced energy expenditure. In contrast, SFD males showed increased
lean mass gain, plasma insulin and FGF21 levels, expressions of Cpt1a gene in pgWAT and scWAT and Pkir gene
in liver, suggesting enhanced lipid and glucose oxidation in these organs. Thus, in mice, there are sex-dependent
differences in adaptation to SFD at the transcriptional level, which can help to explain higher adiposity in fe-
males under SFD consumtion.

Key words: C57BL/6J mice; sweet-fat diet; adiposity; sex differences; liver; adipose tissue; FGF21, insulin; gene
expression.
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BiusiHMe 1oJjia Ha aJanTaliiio B3pOC/abIX MbIIIeli
K JIJINTEeIbHOMY IIOTPEOIEHNIO C/IaKO-XUPHOI A€ ThI

H.M. Baxxan! 2@, T.B. Ixosaesal, A.A. Ay6ununal, E.H. Makaposal

T DepepanbHbiit CCNeaoBaTeNbCKMIA LEHTP VIHCTUTYT LUTONOTUM 1 reHeTykn CUBMPCKOro oTaeNeHNs POCCUIICKON akafeMinn Hayk,
HoBocnburpck, Poccus

2 HoBocrbrpcKmii HaLoHabHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCOMpPCK, Poccnsa
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AHHoTauusa. Hanbonee agekBaTHOWM MOAENbIO ANET-UHAYLIMPOBAHHOTO OXKMPEHWNA Y YeNloBeKa ABMAETCA OXM-
peHMe rpbi3yHOB, Bbi3BaHHOE NoTpebneHremM cnagko-xupHow guetsl (CKI), koTopasa B 60Mbluei CTerneHn yBe-
NNYUBAET JOJIO XKMPa Y XKEHLUMH, YeM y My>KunH. Llenbto paboTbl 66110 onpefeneHrie obycnoBiieHHOro NoJsiom
BnvAHMA CPKJ Ha SKCMpeccuto reHoB, KOHTPOIMPYIOLLUX YTIEBOAHO-KMPOBOI 0OMEH y B3pOC/bIX Mbllueit. Cam-
LIOB 1 CaMOK Mblwwen nuHun C57BL/6J kopmunu B TeueHne 10 Heflenlb CTaHAAPTHON N1abopaTopHON NuLei (KOH-
TPOJIbHasA rpynna) Ui SUeTol, KoTopas CoCTosANa 13 NabopaTopHON NULLM € JOOaBIEHNEM CNTALLKOTO NeYeHbs,
CeMsAH NoAcoNHeYHuKa 1 cana (rpynna CKJ). bbinu n3amepeHbl BeC Tena, NeYeHn 1 XMPOBbIX AeN0, KOHLEHTPa-
LA rOPMOHOB 1 MeTaboNMNTOB B KPOBK, COAEPKaHMe Xupa B neyeHn 1 ypoeHu MPHK reHoB, yyacTByowmx B
perynaumm sHepreTMyeckoro obMeHa, B neyeHu, OKOSIOroHagHOM 1 MOAKOXHOM GENOM XU1pe 1 B GYpOM XKupe.
MoTpebneHune CXK] BbI3Bano oxmpeHue (y caMoK B 60MblUelt CTENEHN, YeM Y CaMLIOB) Y PE3UCTEHTHOCTb K UHCY-
NINHY y Mblleid 06ounx nonoB. Y camok, nonyyaswmx CXHK/, 6bina CHKeHa OTHOCKTENIbBHO KOHTPOJIA SKCMpeccus
reHOB MeyeHu, CBsI3aHHbIX C fiunoreHesom (Lpl), meTabonnamom rnoko3bl (G6pc, Pkir), n reHoB 6enoro xmpa,
CBA3aHHbIX ¢ nunoreHesom (Lpl, Slca4) n nunonusom (Lipe), 4To NpeanonaraeT CHYXXeHVE pacxofa SHeprun B
3TMX TKaHAX. MoTpebneHne CK[ y camuoB, B OTIMYME OT CAMOK, PE3KO MOBLICUIO YPOBHY B KPOBU MHCYINHA
1 FGF21, a Takxke aKkcnpeccumio reHa CptTa B OKONIOrOHaAHOM 1 MOLKOXHOM 6e5iom »upe 1 reHa Pklr B neueHn,
YTO CBUAETENBCTBYET 06 YCUNEHUN OKUCIEHNA IMMNAOB Y MIOKO3bl B STUX TKaHAX. TakuM 06pa3om, y MbliLLen
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Bnuaxve nona Ha aganTaymio B3pOCsibiX MblLLei
K ANUTENbHOMY NOTPebeHMIo ClafKo-KNPHON AneTbl

6blv BbIAB/IEHbI MOMOBbIE pa3nuuma B agantauumn Kk CKJ Kak Ha ypoBHe Liesioro opraHn3ma, Tak U Ha ypoBHe
TPaHCKPUMLUM FEHOB. DTW pe3ynbTaTbl MOFYT CNOCcOOCTBOBATb Pa3BUTUIO MOJSO-CNeLdPUYECcKMX NOAXOA0B K

KOppeKLynn OXXnpeHna 'y Henoseka.

KntoueBble cnoBa: mbiwm C57BL/6J; cnagko-KmMpHasa aneTa; OXnpeHne; NooBble Pas3nnNyus; neyeHb; »KMpoBas

TKaHb; FGF21; nHcynuH; askcnpeccna reHos.

Introduction

In the human population, there is a significant increase in
the number of people suffering from obesity and associated
metabolic diseases such as type 2 diabetes, cardiovascular
diseases and non-alcoholic fatty liver. The mechanisms of
obesity development are studied in laboratory animals with
various models of diet-induced obesity. Among the high-ca-
lorie diets, the high-fat and the sweet-fat diet (SFD), or the
cafeteria diet are the most popular. SFD is most consistent
with the consumption of “pleasant” food, which provokes the
development of obesity in the human population (Sampey et
al., 2011). A special study carried out on male rats showed
that SFD more effectively than a high-fat diet induced the
development of obesity, hyperphagia, and increased blood
cholesterol and leptin levels (Buyukdere et al., 2019).

It is known that most of the characteristics of energy me-
tabolism differ in males and females (Mauvais-Jarvis, 2015).
However, the question of the impact of sex on the adaptation
of adult mice to long-term consumption of a SFD remains
unexplored.

Fibroblast Growth Factor 21 (FGF21) is a protein hormone
of the liver that helps the body adapt to metabolic stresses
(hunger, cold, overeating and obesity) (Fisher et al., 2010).
Exogenous FGF21 reduces body weight, normalizes the lipid
profile, and increases insulin sensitivity in various models of
obesity and insulin resistance (Zhang, Li, 2014). Earlier, we
and others showed that, SFD dramatically increased blood
FGF21 level and its hepatic gene expression in mature male,
but not female mice (Chukijrungroat et al., 2017; Gasparin
etal., 2018; Bazhan et al., 2019). Based on this, it can be as-
sumed that adult males and females will differ in the ways of
adaptation to the consumption of SFD. The effects of FGF21
are partially realized through the regulation of the expression
of genes controlling carbohydrate-lipid metabolism in the
liver, white and brown fat (Coskun et al., 2008; Camporez
et al., 2013). The aim of this work was to study the ways of
adaptation to the consumption of SFD at the level of the whole
organism and at the level of expression of genes involved in
lipid and carbohydrate metabolism in the liver and adipose
tissue, in mature male and female mice.

Materials and methods
All experiments were performed according to the European
Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (Council of Europe
No. 123, Strasbourg, 1985) and Russian national instructions
for the care and use of laboratory animals. The protocols were
approved by the Independent Ethics Committee of the Institute
of Cytology and Genetics of the Siberian Branch of the Rus-
sian Academy of Sciences.

Animals. Ten-week-old C57BL mice (the vivarium of the
Institute of Cytology and Genetics) were used. Both male
and female mice were housed in group (3 mice per cage) and

were fed with standard laboratory chow (Assortiment Agro,
Moscow region, Turacovo, Russia) (control diet, control)
or with mixed diet, which consisted of standard laboratory
chow supplemented with sweet cookies, sunflower seeds and
lard (sweet-fat diet, SFD). There were 4 experimental groups
(57 mice per group): control male, control female, SFD male
and SFD female.

Mice were killed by decapitation after 10 weeks of diet,
liver, white adipose tissue (WAT) of different localizations
(perigonadal, pgWAT, subcutaneous, scWAT, and perirenal),
and interscapular brown adipose tissue (BAT) were weighed.
Lean body weight was determined by subtracting the total fat
mass from the body weight. Gene expression was measured in
the samples of these tissues, excluding perirenal WAT.

Assay of plasma biochemical parameters. Trunk blood
was collected in test tubes with EDTA after decapitation,
centrifuged and plasma was stored at —20 °C until the assay of
hormones and metabolites. Concentrations of FGF21, insulin,
adiponectin, and leptin were measured using the following
ELISA Kits: Rat/Mouse Fibroblast Growth Factor-21 ELISA
Kit, Rat/Mouse Insulin ELISA Kit, Mouse Adiponectin ELISA
Kit m Mouse Leptin ELISA Kit (Millipore, St. Louis, MI,
USA). Concentrations of glucose, free fatty acids (FFA),
triglycerides (TG), and cholesterol were measured colori-
metrically using Fluitest GLU, Fluitest TG, Fluitest CHOL
(Analyticon Biotechnologies AG, Lichtenfels, Germany) and
NEFA FS kits (non-esterified fatty acids) (DiaSys, Germany).

Glucose tolerance and insulin tolerance tests. On the
day of testing, the animals were removed from the food at
10:00 am, and the water was left ad libitum. Insulin tolerance
test (ITT) started at 2:00 pm, glucose tolerance test (GTT) —
at 4:00 pm. In GTT, a glucose solution in water at a dose of
2 mg/1 g of body weight was administered orally. In the ITT,
animals were injected intraperitoneally with protofan in phy-
siological saline at a dose (0.5 IU/1 kg of body weight). The
glucose level was determined in the blood from the tail vein
using test strips and a OneTouch Select glucometer (Lifescan;
Johnson and Johnson, USA) before drug administration and
15, 30, 60, and 120 minutes after administration in GTT and
after 15, 30, 60 minutes in ITT.

The reaction of reverse transcription and real-time PCR.
Total RNA was isolated from tissue samples with ExtractRNA
(Evrogen, Moscow, Russia) according to the manufacturer’s
instructions. First-strand cDNA was synthesized with Mo-
loney murine leukemia virus (MMLYV) reverse transcriptase
(Evrogen, Moscow, Russia) and oligo (dT) as a primer. Ap-
plied Biosystems TagMan Gene Expression Assays, listed in
Table 1, and gPCRmix-HS LowROX Master Mix (Evrogen,
Moscow, Russia) were used for relative quantitation real-time
PCR with B-actin as an endogenous control. Sequence ampli-
fication and fluorescence detection were performed with the
Applied Biosystems ViiA™ 7 Real-Time PCR System (Life
Technologies, 5791 Van Allen Way, Carlsbad, CA, USA).
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Table 1. Tagman gene expression assays for mice (Applied Biosystems)

—

Solute carrier family 2

—

Solute carrier family 2

Uncoupling protein 1

mitochondrial, proton carrier)

Relative quantitation was performed by the comparative CT
method, where CT is the cycle threshold.

Statistical analysis. The results are presented as means+SE
from the indicated number of mice. Two-way ANOVA with
factors sex (male, female) and diet (standard diet, control
group and sweet and fat diet, SFD group) was used to analyze
effect of sex and SFD on blood parameters, gene expression
and area under curves in GTT and ITT with multiple com-
parisons using the post hoc Tukey test. Three-way ANOVA
with factors sex, diet, and time (minutes 0, 15, 30, 60, 120
for GTT and 0, 15, 30, 60 for ITT) was used to analyze the
results of GTT and ITT. Where indicated, groups were also
compared using Student’s #-test. Significance was determined
as p <0.05. The STATISTICA 6 software package (StatSoft,
USA) was used for analysis.

facilitated glucose transporter), member 2 (GLUT2)

facilitated glucose transporter), member 4 (GLUT4)

Symbol Catalogue No.
Cp”a .............................. M m0123”83_m1 ..........................
cpuﬁ .............................. M moo437191_g1 ...........................
Dloz ................................ " m00515664_m1 ..........................
Fasn ................................ M m006623197m1 ..........................
Gspc ............................... M m00339363_m1 ..........................
Gck ................................. " m00439129_m1 ..........................
L,pe ................................. M m00495359_m1 ..........................
Lp/ ................................... M m00434764_m1 ..........................
pck1 ................................ M m01247058_m1 ..........................
pk/r ................................. M m00443090_m1 ..........................
s/c2a1 ............................. " m00441480_m1 ..........................
S/CQGQ ............................. M m004462297m1 ..........................
5/c204 ............................. M m00436615_m1 ..........................
........................ U Cp1Mm01244861_m1
....................... Acthm00607939_51

Results

Weight characteristics
In females, body weight was lower than in males in both
groups (P <0.001) (Table 2). Under the SFD, both male and
female mice gained more weight than their respective control
diet fed counterpart (P < 0.001). FD consumption increased
body weight: in males —by 39 %, and in females — by 40 % and
contributed to the maximum manifestation of sex differences.
In females, hepatic weight and index were lower than in
males (P <0.001 for both parameters). Consumption of SFD
increased hepatic weight (P <0.001), but did not affect its rela-
tive weight in males and females. Maximum sex differences
in absolute and relative hepatic weight were manifested only
under SFD-induced obesity. An increase in liver mass was as-

Table 2. Weight-related parameters in mice, fed standard chow (control) and sweet-fat diet

Parameter

Females

BW - body weight, two-way ANOVA was used with the factors S, sex effect; D, diet effect; and D*S, interactive effect of sex and diet. * p < 0.05 versus control group,

# p < 0.05 versus males in the same group by post-hoc Tukey test
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Fig. 1. Serum biochemical parameters in mice, fed standard chow (control, white columns) and sweet-fat diet (grey columns).

Two-way ANOVA was used with the factors S, sex effect; D, diet effect; and D*S, interactive effect of sex and diet. * p < 0.05 versus control
group, # p < 0.05 versus males in the same group by post-hoc Tukey test.

sociated with an increase in hepatic fat deposition: the content
of triglycerides (TG) in the liver, increased upon consumption
of SFD (P < 0.05) in mice of both sexes.

In females, the mass and index of pgWAT were higher than
in males (P < 0.01 for both parameters). SFD consumption
increased them (P < 0.001 for both parameters) largely in
females than in males (interaction of factors P <0.01 for both
parameters) and contributed to the maximum manifestation
of sex differences.

The mass and proportion of scWAT in females were higher
than in males (P <0.05 and P <0.001 respectively). Consump-
tion of SFD increased the scWAT mass and index (P < 0.001
for both cases) largely in females than in males (interaction
of factors P < 0.07 for weight and P < 0.01 for index) and
contributed to the manifestation of significant sex differences.

In the control group, the BAT weight in males and females
did not differ. SFD increased the BAT weight and index
(P <0.01 and P < 0.05 respectively), however, the increase,
in contrast to the SFD effect on the pgWAT weight, was
significantly more pronounced in males than in females and
was statistically significant. As a result, the BAT weight in
females was significantly lower than in males only under the
SFD (P < 0.05).

In females, the lean mass was significantly lower than in
males (P < 0.001). The consumption of SFD increased lean
mass in mice of both sexes (P < 0.05), but in males largely
(interaction of factors P < 0.001), thereby enhancing the ex-
pression of sex differences.

Plasma metabolite and hormone levels

In females, blood insulin levels were lower and adiponectin
levels were higher than in males (P < 0.05 for insulin and
P <0.001 for adiponectin) in both groups (Fig. 1). SFD con-

sumption increased blood levels of glucose, insulin, choles-
terol, fibroblast growth factor (FGF21), and leptin (P < 0.01
for glucose, insulin, FGF21 and P <0.001 for cholesterol and
leptin) and did not alter the levels of free fatty acids (FFA),
TG and adiponectin in mice of both sexes. Sex dimorphism
was revealed only in the response of insulin and FGF21 to the
SFD. Plasma insulin concentrations increased only in males
and did not change in females, as evidenced by the significant
interaction of factors sex and diet (P < 0.05). Plasma FGF21
concentration also significantly and reliably increased only
in SFD males, while in SFD females the increase was less
pronounced and not significant.

Glucose tolerance and insulin tolerance tests

In control males, insulin sensitivity was lower than that of
control females. SFD consumption reduced glucose tolerance
and insulin sensitivity in both males and females (P <0.001 in
all cases) (Fig. 2). However, the effect of the SFD was more
pronounced in females: the fasting blood glucose level and the
glucose excretion curve in the ITT in the SFD females were
higher than in the control (p < 0.05 in both cases), while in the
SFD males these parameters did not differ from the control.

Gene expression in metabolic tissues

Among the studied hepatic genes, only Lpl expression was
dependent on sex (P < 0.01): it was lower in females than in
males. The consumption of SFD down regulated the expres-
sion of this gene regardless of sex (Fig. 3). The consumption
of SFD was accompanied by sex-dependent changes in the
expression of the Fasn (fatty acid synthesis), G6pc (gluco-
neogenesis), and Pklr (glycolysis) genes: SFD males showed
increased, while SFD females — decreased the mRNA levels
of these genes in relation to control (interaction of factors
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Fig. 2. Blood glucose level and area under the curve (AUC) in GTT and ITT in mice, fed standard chow (control, white symbols) and
sweet-fat diet (black symbols).

Three-way ANOVA with factors sex, diet, and time (minutes 0, 15, 30, 60, 120 for GTT and 0, 15, 30, 60 for ITT) was used. T, time effect,
and D, diet effect. * p < 0.05 versus control group by post-hoc Tukey test.
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Fig. 3. The mRNA levels of hepatic genes involved in glucose and lipid metabolism in mice, fed standard chow (control, white

columns) and sweet-fat diet (grey columns).

Two-way ANOVA was used with the factors S, sex effect; D, diet effect; and D*S, interactive effect of sex and diet. *

group, # p < 0.05 versus males in the same group by post-hoc Tukey test.

P < 0.05 for all genes). As a result, in SFD females, G6pc
gene expression was fivefold and Pklr gene expression was
2.4 times lower than in SFD males (P < 0.05).

There were no sex differences in the expression of the stu-
died genes in pgWAT (Fig. 4, a—f"). The consumption of SFD
influenced the expression of Cpt !« (fatty acid oxidation), Lipe
(lipolysis), and Lpl (lipogenesis) genes differently in males
and females (interaction of factors p < 0.05 in all cases): only

848

p < 0.05 versus control

in males, Cptla mRNA level increased, only in females, Lipe
and Lp/ mRNA levels decreased. SFD down regulated Slc2a4
gene expression regardless of sex (P < 0.01). However, the
decrease was more pronounced in females (12 times) than in
males (2.7 times).

In scWAT, in contrast to pgWAT, sex influenced the ex-
pression of the Lipe and Slc2a4 genes (P < 0.05 for Lipe,
P <0.01 for Slc2a4): it was lower in females than in males
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Fig. 4. The mRNA levels of pgWAT (a-f) and scWAT (g-/) genes involved in lipid metabolism in mice, fed standard chow (control, white columns) and

sweet-fat diet (grey columns).

Two-way ANOVA was used with the factors S, sex effect; D, diet effect; and D*S, interactive effect of sex and diet. * p < 0.05 versus control group, $ p < 0.05 versus

males in the SFD group by Student’s test.
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Fig.5.The mRNA levels of BAT genes involved in lipid metabolism in mice, fed standard chow (control, white columns) and sweet-fat diet (grey columns).

Two-way ANOVA was used with the factors S, sex effect; D, diet effect; and D*S, interactive effect of sex and diet. * p < 0.05 versus control group by post-hoc Tukey

test.

(see Fig. 4, g—1). SFD consumption did not affect the expres-
sion of most of the studied genes and only upregulated Cptla
gene expression of (P <0.001). In males, this increase was sig-
nificant (P < 0.01 post-hoc Tukey test) and more pronounced
(13 times) than in females (7 times).

There were no sex differences in the expression of the
studied genes in BAT (Fig. 5). SFD did not affect the expres-
sion of genes involved in fat metabolism (Cpt1p, Lipe) and
thermogenesis (Ucp!, Dio2); however, it down regulated the
expression of genes that control glucose uptake into the cell —
Slc2al and Slc2a4 (P < 0.05 for both genes).

Diet had a sex-independent effect on Sic2a4 — and sex-
dependent on Slc2a gene expression (interaction of factors
P = 0.06, tendency). Diet reduced Slc2al mRNA level by
4.5 times only in males, as a result, its expression in SFD
males was 2.5 times less than in SFD females.

Discussion

A sweet-fat diet increases fat and carbohydrate proportion in
food. To maintain a constant levels of blood lipids and carbo-
hydrates, two ways of adaptation are possible: the deposition
of fat excess and increased glucose and fatty acid oxidation
in the liver, muscles and adipose tissues. Our results suggest
that in male mice, both ways of adaptation were used and in
female mice, the reservation of energy excess in the form of
white fat prevailed. SFD males showed increased scWAT
weight, although to a lesser extent than SFD females, and
increased fatty acid oxidation in WAT and glucose in the
liver. Only SFD males demonstrated increased expression of
Cptlo gene (a marker of fatty acid oxidation) in white adipose
tissue and Pklr gene (a marker of glucose oxidation) in the
liver. In addition, SFD males showed a more pronounced, than
SED females increase in “lean mass”, which may indicate a
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more intensive oxidation of metabolic substrates that occurs
in the muscles, and, possibly, a greater infiltration of fat into
muscle tissue.

The phenomenon of more intense fat accumulation in fe-
males than in males when fed high-energy diets was previously
described in the literature (Priego et al., 2008; Medrikova et al.,
2012; Chang et al., 2018). Several physiological mechanisms
of this phenomenon have been proposed. First, estradiol is
known to increase the number of adipocyte progenitor cells
(Dieudonne et al., 2000); therefore, their number is higher in
females than in males (Wu et al., 2017; Chang et al., 2018).
Second, SFD increases the number of adipocyte progenitor
cells only in females (Wu et al., 2017; Chang et al., 2018), but
the reason for this is not known. Third, insulin sensitivity and
lipogenesis are increased in white fat adipocytes in females
compared to males (Macotela et al., 2009).

The data on pgWAT genes expressions obtained in our
work complement the known mechanisms of intensive fat
accumulation in females under sweet-fat diet consumption.
In pgWAT, only in females, diet downregulated expression of
genes, involved in lipid metabolism — Lipe (lipolysis) and Lpl
(lipogenesis). Expression of the Slc2a4 gene, which is also
involved in lipogenesis, was reduced in SFD females to a much
greater extent than in SFD males. Recently we demonstrated,
that SFD reduced mRNA level of Ppary (a transcription factor,
the main regulator of adipocyte differentiation and function)
in pgWAT, only in females (Bazhan et al., 2019). Together,
these data suggest that a decrease in the expression of genes
involved in the regulation of multidirectional processes in
pgWAT, is an indicator of a decrease in the intensity of lipid
metabolism, what can contribute to the conservation of energy
in the form of white fat reserves in females.

SFD increased the Cpt/a gene expression in WAT of males,
regardless of localization, which is consistent with the litera-
ture data (Warfel et al., 2017). The mechanism of selective
activation of the Cpt/a gene expression in WAT of males
fed high-energy diets is not known. In our work, increased
expression of the Cptla gene in WAT of SFD males was as-
sociated with a multiple increase in the FGF21 blood level.
Previously, we and other authors have shown that, selectively
in males, FSD increased not only the blood FGF21 levels, but
also its gene expression in the liver (Chukijrangroat et al.,
2018; Gasparin et al., 2018; Bazhan et al., 2019). Apparently,
the activation of the FGF21 system in males was much more
pronounced than in females upon SFD consumption.

The liver is the main site of FGF21 synthesis, and adipose
tissues are the main site of FGF21 action. In pharmacologi-
cal and genetic studies, FGF21 has been shown to increase
energy expenditure in WAT and BAT and insulin sensitivity
at the whole body level (Xu et al., 2009; Zhang, Li, 2014).
These effects may be due to FGF21 facilitates oxidative pro-
cesses in WAT mitochondria (Chau et al., 2010), in particular
by stimulating the expression of the Cpt/a gene (Coskun et
al., 2008). It can be assumed that the increased Cpt/a gene
expression in WAT of SFD males contributed to the increased
fatty acid oxidation and prevented fat deposition. Therefore,
pgWAT and scWAT weights in SFD males were significantly
less than in SFD females.

The liver plays a crucial role in the regulation of energy
homeostasis at the level of the whole body and is the main
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site of estradiol action in the regulation of insulin sensitivity.
According to our results, it is also the central link in the imple-
mentation of various pathways of adaptation to SFD in male
and female mice: the response to SFD of most studied hepatic
genes was sex-dependent. The mRNA levels of the Fasn, Pkir,
G6pc, and Slc2a2 genes were increased or unchanged, relative
to control, in SFD males, and were decreased in SFD females.

SFD males showed increased or unchanged expressions
of Fasn, Pklr, G6pc, and Slc2a2 genes, while SFD females
showed decreased expressions of these hepatic genes. The
same multidirectional dynamics of the transcriptional response
to SFD were observed for other hepatic genes measured in
our work, although the sex effect was not statistically signifi-
cant. These results are in good agreement with the previously
published data showing that only in male mice, SFD increases
the hepatic expression of the peroxisome proliferator-activated
receptor-a (PPARa), a transcription factor that enhances the
expression of many hepatic genes involved in the regulation of
carbohydrate-lipid metabolism (Gasparin et al., 2018; Bazhan
et al., 2019; Sasaki et al., 2019). As a result, the expression
of these genes (Slc2a2, Gek, Pklr, G6P, and Pckl) was lower
in females than in males under SFD-induced obesity. Taken
together, our data suggest that male mice respond to SFD
with enhanced oxidation of glucose and fatty acids not only
in WAT, but also in the liver.

It is possible that the mechanism of selective FGF21 activa-
tion in males with SFD-induced obesity was associated with
hyperinsulinemia, which was revealed in our work and in
the works of other authors, carried out on rodents consuming
high-calorie diet (Rodriguez et al., 2003; Priego et al., 2008).
An association was found between high plasma insulin and
FGF21 levels in obese rodents and humans (Zhang et al.,
2008; Chavez et al., 2009), the exact mechanism of which is
unknown. It can be assumed that the increased blood FGF21
levels in SFD males counteracts the development of metabolic
syndrome: FGF21 reduce body weight, normalize the lipid
profile, and increase insulin sensitivity in various models
of insulin resistance (Zhang, Li, 2014). In females, the SFD
consumption caused a less pronounced than in males and
insignificant increase in the blood insulin and FGF21 levels;
apparently, FGF21 did not participate in adaptation to the
SFD in females.

Our results showed that the SFD consumption stimulated
the development of metabolic syndrome regardless of sex:
obesity, increased blood glucose, insulin, cholesterol levels,
hepatic TG content, and decreased glucose tolerance and in-
sulin sensitivity. It should be noted that the SFD consumption
disturbed different links in the regulation of blood glucose
levels in males and females: satiated hyperinsulinemia was
observed only in SFD males, and fasting hyperglycemia — only
in SFD females. The mechanisms of sex-associated dysregu-
lation of carbohydrate metabolism under obesity caused by
a sweet-fat diet consumption are not known and need to be
explored.

In BAT, in contrast to WAT, glucose enters the cells through
Glut1 to the same extent as through Glut4 (Czech, 2020). The
regulation of the expression of these genes and corresponding
protein activity in BAT differs from that in WAT. Slc2a4 gene
expression is regulated by insulin (Burcelin et al., 1993), and
gene expression and activity of the Glut1 protein are regulated
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by norepinephrine through activation of beta 3 adrenoreceptors
via a cAMP-dependent mechanism (Cannon, Needergaart,
2004). Our data demonstrated that in BAT, SFD consump-
tion reduced the Slc2a4 gene expression equally in males
and females, and the Slc2al gene expression only in males.
The latter may be due to the effect of sex on the expression of
beta3-adreno receptors under SFD consumption. The cafeteria
diet has been shown to reduce the level of protein and the
beta3-adreno receptor gene expression in BAT in male rats,
but does not affect them in female rats (Rodriguez et al., 2001).
Glucose itself is not the dominant thermogenic substrate in
BAT, it is converted into fatty acids, which oxidizing in the
mitochondria, enhance thermogenesis (Cannon, Needergaart,
2004). It has been shown that obesity caused by long-term
FSD consumption is associated with a decrease in energy
consumption at the level of the whole body and with a decrease
in thermogenesis at the level of BAT (Penna-de-Carvalho et
al., 2014). It can be assumed that diet-induced decrease in
the expression of glucose transporter genes in BAT will be
accompanied by a decrease in thermogenesis, and this effect
will be more pronounced in males than in females. This as-
sumption is supported by data obtained earlier that in male
mice, high-energy diets reduces in BAT, the expression of
transcription factor Ppary which stimulates the expression
of target genes involved in the regulation of thermogenesis
(Penna-de-Carvalho et al., 2014; Bazhan et al., 2019).

Conclusion
Thus, the results showed that in mice, adaptation to the con-
sumption of SFD associated with the accumulation of excess
white fat was observed both in males and females, but in fe-
males to a much greater extent than in males. In females, the
diet down regulated the expression of hepatic and white adi-
pose tissue genes involved in carbohydrate and fat metabolism,
which could contribute to a decrease in energy expenditure
and white fat accumulation. Only in males, adaptation to SFD,
associated with enhanced oxidation of energy carriers in the
liver and white fat, was observed, SFD males showed a signifi-
cantly increased lean mass, blood insulin and FGF21 levels,
and expressions of the Cpt/a genes in white fat tissues and
Pkir in the liver. This suggests increased energy expenditure
for fatty acid and glucose oxidation in WAT, muscle, and liver,
and may inhibit the storage of energy in the form of white fat.
Adaptation ensure the maintenance of constant FFA and
triglyceride blood levels, but led to the appearance of signs
of insulin resistance (decreased insulin sensitivity, glucose
tolerance, and increased TG levels in the liver) in males and
females. Consumption of SFD disrupted different links in
the regulation of insulin sensitivity in males and females:
only in males, it caused satiated hyperinsulinemia and only
in females — fasting hyperglycemia. The study of the sex
characteristics of the molecular physiological mechanisms
underlying adaptation to SFD in mice is a necessary step for
the development of a gender-specific approach to the correc-
tion of metabolic disorders in humans.
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Abstract. In the mid-20th century, the first case of infection of European bees Apis mellifera L. with the ecto-
parasite mite Varroa destructor was recorded. The original host of this mite is the Asian bee Apis cerana. The
mite V. destructor was widespread throughout Europe, North and South America, and Australia remained the
only continent free from this parasite. Without acaricide treatment any honeybee colony dies within 1-4 years.
The use of synthetic acaricides has not justified itself — they make beekeeping products unsuitable and mites
develop resistance to them, which forces the use of even greater concentrations that can be toxic to the bees.
Therefore, the only safe measure to combat the mite is the use of biological control methods. One of these
methods is the selection of bee colonies with natural mite resistance. In this article we summarize publications
devoted to the search for genetic markers associated with resistance to V. destructor. The first part discusses
the basic mechanisms of bee resistance (Varroa sensitive hygienic behavior and grooming) and methods for
their assessment. The second part focuses on research aimed at searching for loci and candidate genes asso-
ciated with resistance to varroosis by mapping quantitative traits loci and genome-wide association studies.
The third part summarizes studies of the transcriptome profile of Varroa resistant bees. The last part discusses
the most likely candidate genes — potential markers for breeding Varroa resistant bees. Resistance to the mite
is manifested in a variety of phenotypes and is under polygenic control. The establishing of gene pathways
involved in resistance to Varroa will help create a methodological basis for the selection of Varroa resistant
honeybee colonies.
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AHHoTayuma. B cepegmHe XX B. O6bin 3adUKCMpOBaH NepBbI Crlyyall 3apaxeHnsa eBpornenckux nuen Apis mel-
lifera L. knewom-3KkTonapasmtom Varroa destructor, n3HayanbHbIM XO3AVHOM KOTOPOTO SIB/AETCA a3uaTcKas
nyena Apis cerana. Knewy, pacnpocTtpaHunca no Bcet EBpone, CeBepHolt 1 KOXkHOM AMepUKe, 1 eAUHCTBEHHBIM
KOHTVHEHTOM, CBO6OAHBIM OT 3TOr0 NapasmnTa, octanacb ABcTpanus. bes 06paboTku akapuuraamm cembs me-
[LOHOCHOI nyenbl nornbaet B TeueHve 1-4 net. Micnonb3oBaHMe CUHTETUYECKMX akapuLMAOB He onpaBaano
ceba — OHV fenatoT HeMPUrOAHBIMU NPOAYKTbI MYENOBOACTBA U Y K/eLlell BO3HUKAET K HUM Pe3UCTEHTHOCTD,
YTO 3acTaBNAET UCMONb30BaTh elle 6oMbluMie KOHLEHTPaLUuM nNpenapaToB, KOTOpble MOryT ObiTb TOKCUYHbI
ana nyen. EanHcTBEHHan 6e3onacHan Mepa 60pbObl — NCNONb30BaHKE METOLOB OMONOTMUYECKOTO KOHTPOSS.
OpHVM U3 TaKUX METOLOB ABAAETCA CeneKkumna ceMen nyesn, obnagaroLmx eCTeCTBEHHON PE3NCTEHTHOCTBIO K
Knewly. B 0630pe 0606LeHbl Ny6nmnKaummn, NocBALEHHbIE MONCKY FEHETUYECKMX MAapKepPOB, acCoLMNPOBaH-
HbIX C YCTONUMBOCTbIO K V. destructor. PaccMaTpuBaloTCA OCHOBHbIE MeXaHV3Mbl YCTONYMBOCTY NUen K KreLly
(Varroa-uyBcTBUTENIbHOE TUTMEHMYECKOe MOBEeAEHME 1 FPYMUHI) U MeToAbl X oueHKu. O6cyxpatoTca nc-
cnefjoBaHNA, HanpaBneHHbIe Ha MOUCK JIOKYCOB 1 FreHOB-KaHAMAATOB, aCCOLMMPOBAaHHbIX C YCTOMYMBOCTbIO
K BappoaTo3y, Npu NOMOLLM KapTUPOBAHMWA NOKYCOB KONNYECTBEHHbIX MPU3HAKOB 1 MONIHOrEHOMHOTO NMouCKa
accoymaumin. O606LLeHbI NCCIEAOBAHMA TPAHCKPUNTOMHOIO Npodusa Varroa-yctonumsbix nuen. PaccmoTpe-
Hbl Hanbosnee BePOATHbIE FreHbl-KaHAVAATbI — NOTEHLMANbHble MapKepbl ANA cenekuum Varroa-pe3ncTeHTHbIX
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nyes. Pe3sUCTEHTHOCTb K Kelly NPOABNAETCA B BUAE PasHOOOpasHbIX GeHOTVMNOB 1 HaXOAUTCA NOA NONreH-
HbIM KOHTpOJieM. YCTaHOB/EHWE reHHbIX NyTew, 3a4eNCTBOBaHHbIX B MEXaHM3Me pe3ncTeHTHoCTu K Varroa, no-
MOXET co3[aTb METOAONOrMYeCKyio 6a3y AfiA cenekumm yCcTonumebix K BappoaTtosy cemeii A. mellifera.

KntoueBble cnosa: Apis mellifera; Varroa destructor; Varroa-pe3ncTeHTHOCTb; MapKep-onocpeaoBaHHas ce-

nekums.

Introduction

The Varroa destructor Anderson & Trueman, 2000 is the most
widespread and most harmful pest of bees (Anderson, True-
man, 2000; Martin et al., 2012). Review articles devoted to
V. destructor deal with various aspects of its biology (Calde-
ron et al., 2010; Rosenkranz et al., 2010; Nazzi et al., 2016;
Evans, Cook, 2018), ways to mite control (Chandler et al.,
2001; Dietemann et al., 2012; Kamler et al., 2016; Plettner et
al., 2017), issues of bee resistance to mite and hygienic be-
havior (Zakar et al., 2014; Kurze et al., 2016; Locke, 2016a;
Leclercq et al., 2017).

The invasion of Varroa has become a challenge for the
European bee, since it has not developed the natural defense
mechanisms that well developed in the original host of the
mite — the Asian bee Apis cerana. The resistance of the Asian
bee to the mite is due to the fact that it has well-developed
behavioral defense mechanisms and the mite parasitizes
mainly on drone brood (Pritchard, 2016). The currently known
methods of fighting V. destructor are based on the use of syn-
thetic acaricides and biological control methods (Dietemann
et al., 2012; Kamler et al., 2016; Plettner et al., 2017). The
problem of acaricides accumulation in beekeeping products
and the development of acaricides resistance in the mite make
beekeepers refuse to use them. Therefore, biological control
methods are of great importance, one of which is the selection
of bees that have resistance toward the Varroa mites.

The purpose of this review is to summarize the materials
of experimental studies devoted to the establishment of the
genetic basis of honey bee resistance to the V. destructor.

Mechanisms of resistance to varroatosis

There are two main phenotypes associated with resistance to
mite: Varroa sensitive hygiene behavior and grooming, which
includes auto-grooming (self-cleaning) and allogrooming
(cleaning the body of another member of colony).

Before considering the concept of Varroa sensitive hy-
gienic behavior, let’s get acquainted with such a mechanism
of protecting bees from brood diseases as hygienic behavior.
In 1964 the brood removal behavior of bees infected with
American foulbrood was described (Rothenbuhler, 1964). This
behavior, called hygienic, consisted of the following actions —
detecting, uncapping and removing the infected brood. About
twenty years later, Gilliam et al. (1983) showed that hygienic
behavior is also effective against ascospherosis. In 1993, the
breeding program for honey bee colonies with a high level of
hygienic behavior has been started in the University of Min-
nesota (Spivak, 1996). It was found that hygienic behavior is
performed by 15—17 days old bees (Arathi et al., 2003). Bees
remove fifth instar larvae infected with the bacterium Paeni-
bacillus larvae (caused American foulbrood) and the fungus
Ascosphaera apis (causative agent of ascospherosis) before

854

the pathogens reach the sporulation stage (Spivak, Reuter,
2001; Albo et al., 2017).

In 1997, the Suppression of Mite Reproduction (SMR)
phenomenon was described: bee colonies with this phenotype
have a low number of reproductively successful female mites
(Harbo, Harris, 1999). It soon became clear that SMR is a
consequence of specific hygienic behavior aimed at removing
a mite, which has offspring. It is known that the foundress
mite, after penetrating into an unsealed cell with a bee larva,
begins to lay eggs only 3 days after the cell is sealed (Spivak,
1996; Harbo, Harris, 2005; Harris, 2007; Harris et al., 2010;
Rosenkranz et al., 2010). The detection and removal of the
cells content with mite offspring leads to a reduction in the
total number of mites in the bee colony. This type of beha-
vior has been termed Varroa sensitive hygiene (VSH) (Harbo,
Harris, 2005).

To assess hygienic behavior, two tests have been developed
and are widely used, — freeze-killed brood assay, FKB (Spivak,
1996; Facchini et al., 2019) and pin-killed brood assay, PKB
(Gramacho et al., 1999). These tests are often used in experi-
mental studies to analyze resistance toward the Varroa mite,
so we will consider a short protocol for their implementation.
The brood combs are frozen (FKB) or killed with a pin (PKB)
and introduced into the test colony for 24 hours. If colony
removes more than 95 % of the killed brood it is considered
highly hygienic. VSH assessment is more complex: a section
of combs with sealed brood infested with mites is introduced
into the test colony and after a week the percentage of un-
capped and cleaned cells and other indicators are calculated
(Villaetal., 2009). FKB assay was developed to assess hygiene
behavior, however Danka et al. (2013) reported that colonies
bred for VSH remove frozen brood faster (in 6—12 hours)
than colonies bred for FKB assay. At the same time, colonies
selected using FKB assay do not cope with the test developed
to assess VSH phenotype. Therefore, FKB assay can be used
to test VSH phenotype, but this fact requires additional verifi-
cation.

Grooming behavior is another natural defense mechanism of
bees, which consists in the ability of bees to clean themselves
(auto-grooming) or other bees (allogrooming) from external
parasites and pollution (Boecking, Spivak, 1999; Land, See-
ley, 2004). It is strongly expressed in A. cerana (Fries et al.,
1996). This is especially true for allogrooming: if an Asian
bee cannot remove a mite by itself, it performs a special dance
that provokes other bees to perform allogrooming (Land, See-
ley, 2004). There are also a difference in grooming between
A. mellifera subspecies. For example, Africanized bees remove
mites more intensively than European subspecies (Invernizzi
et al., 2015). Colonies are assessed for this feature both at
the individual (Aumeier, 2001) and colony level (Bienefeld,
1999).
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In addition, populations of A. mellifera were identified that
survived and coexist with V. destructor for a long time. Evalu-
ation of such colonies showed that they have a high level of
Varroa sensitive and grooming behavior (Locke, 2016b). On
the basis of genomic and transcriptome studies, loci and genes
associated with Varroa resistance were identified.

Mapping of loci and genes

associated with Varroa resistance

Oxley et al. (2010) identified the Hyg1 locus on chromosome 2
associated with hygienic behavior. The 95 % confidence in-
terval of this locus (see Darvasi, Soller, 1997) included genes
associated with behavior, smell, development and functioning
of neurons, receptor and transcriptional activity. Harpur et al.
(2019) based on genome-wide sequencing of drones from two
apiaries selected for hygienic behavior and one non-selected
apiary identified 73 candidate genes. 49 of them were located
near previously identified loci (Oxley et al., 2010; Tsuruda et
al., 2012). Of great interest are the abscam, goosecoid (Hox-
gene) and tropomysin-2-like genes on chromosome 6, the
ortholog of the Drosophila dyschronic gene (GB45054) on
chromosome 11, and the insulin-like receptor (GB53353) on
chromosome 9. Abscam is known to play an important role
in axonal guidance, in particular of olfactory neurons. The
goosecoid and tropomysin-2-like genes are also essential
for the development of the nervous system. The GB45054
gene is involved in biological processes such as sensory
perception of sounds and light stimuli. GB53353 is involved
in protein phosphorylation and the transmembrane receptor
protein tyrosine kinase signaling pathway. Kim et al. (2019)
performed genome-wide sequencing of 4. m. caucasica with
high hygienic behavior and 4. m. carnica with a low level of
hygiene. They obtained 20 SNP markers associated with hy-
gienic behavior, and candidate genes were identified for three
of'them. SNP1 is located in the twitchin (chromosome 2), in the
previously identified locus Hygl (Oxley et al., 2010). SNP8
and SNP9 are located in the gene encoding a peroxidase-like
protein (chromosome 4).

In studies (Oxley et al., 2010; Harpur et al., 2019; Kim et
al., 2019) hygiene behavior was assessed using FKB assay,
and, as it was said, colonies selected on FKB do not always
successfully cope with a mite. However, given that Varroa
sensitive and general hygienic behavior are based on the same
mechanism (detecting and uncapping diseased brood), results
obtained by these authors should not be excluded from further
consideration.

Genome-wide analysis of VSH was carried out by research
groups from the USA (Tsuruda et al., 2012) and Germany
(Spotter et al., 2012, 2016). Tsuruda et al. (2012) identified a
locus on chromosome 9 associated with VSH phenotype. This
locus contains the NorpA2 gene (homologue of the D. mela-
nogaster NorpA) and the dopamine receptor Dop3. NorpA2,
encoding phospholipase C, is associated with learning and
memory formation in the honey bee (Suenami et al., 2018).
Whereas dopamine plays a critical role in the formation of
aversive memory in insects (Beggs, Mercer, 2009).

Spotter et al. (2012) analyzed three samples of bees with
different levels of VSH and developed a differentiating panel
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0f44,000 SNPs. In next study (Spotter et al., 2016) they identi-
fied 6 SNPs associated with resistance towards the V. destruc-
tor. For four of them, candidate genes were proposed: AdoR,
Cdk5alpha, Octbeta2R, and Obp 1. The identified SNPs are not
located in candidate genes themselves, but are localized near
them. Therefore, their role in the formation of VSH phenotype
has yet to be proven. The authors substantiated the choice of
these candidate genes by their function. Adenosine receptors
(encoded by the AdoR gene) belong to the family of G protein-
coupled receptors and are involved in extracellular adenosine
signaling. Adenosine is an important regulator of the nervous
system; it is involved in the modulation of synaptic plasticity
(Dolezelova et al., 2007). Cdk5alpha encodes an activator
of the cyclin-dependent kinase gene Cdk5. Cdk5 regulates
many cellular processes (neuronal migration, axon guidan-
ce, ensuring the stability of microtubules and synapses, etc.),
and it has been shown that in the Asian bee 4. cerana CdkS5,
together with its activator gene, is involved in the cell response
to oxidative stress (Zhao et al., 2018). The biogenic amine
octopamine is an important neurotransmitter, modulator and
hormone in invertebrates. It was shown that the octopamine
receptor gene Octbeta?R plays an important role in the for-
mation of adaptations in the high-mountain population of
A. m. monticola (Wallberg et al., 2017). Obp1, expressed in
the antennae of worker bees, is responsible for the perception
of queen pheromones (Lartigue et al., 2004), and probably for
the perception of other olfactory signals.

In addition to the colonies selected for hygiene, there are
populations that coexisted with V. destructor for a long time
without acaricide treatment (in review Locke, 2016b). These
populations have become the object of close scrutiny by
geneticists. Behrens et al. (2011) analyzed offspring of two
hybrid queens from a Varroa tolerant colony from the Gotland
population. They uncapped the sealed drone brood and esti-
mated the number of mites with and without offspring. Colo-
nies with mites without offspring were considered as resistant.
Using 488 SSR markers for mapping, they identified a locus
on chromosome 7 associated with this phenotype. This locus
contains two important candidate genes, orthologs of D. me-
lanogaster genes, foxo (GB11764, atranscription factor in the
insulin signaling pathway) and futsch (GB11509, induces sy-
naptic plasticity in neurons). Lattorff et al. (2015) based on
data from Behrens et al. (2011) also analyzed bee colonies
from the Gotland population. They compared colonies before
(2000) and after (2007) selection using 39 SSR markers on
chromosomes 4 and 7. 11 candidate genes were identified on
chromosome 7, including 10 protein-coding genes and one
gene of long non-coding RNA, the target of which is unknown.
The authors propose the oxidoreductase gene GMCOX1S8 as
a promising candidate gene. Oxidoreductases are involved in
glucose metabolism and cuticle biosynthesis. Therefore, the
authors hypothesized that the GMCOXI8 may play a role in
altering substances secreted by bee larvae, which are required
to trigger oogenesis in a mite.

Among the genetic markers found in Varroa tolerant colo-
nies using SNP mapping (Conlon et al., 2018) candidate genes
involved in the synthesis of ecdysone are distinguished. It is
known that V. destructor cannot synthesize ecdysone itself
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and receives it from bees. Ecdysone is necessary for mite to
activate the reproductive cycle, while in insects it initiates
molting and metamorphosis. Conlon et al. (2018) performed
genome-wide sequencing of drones from Varroa tolerant
colonies from Sweden and identified a locus on chromo-
some 15 associated with tolerance to the mite. This locus
includes three genes involved in ecdysone synthesis: Mblk-1,
Cypl8all and Phantom. They continued their research by
performing genome-wide sequencing of drones from another
Varroa tolerant population, the Toulouse population from
France (Conlon et al., 2019). As a result, 9 SNPs associated
with Varroa olerance were identified, and three of them were
located in the transcription factor Mblk-1.

A search was also carried out for genes associated with the
grooming behavior of bees. Arechavaleta-Velasco et al. (2012)
identified a locus on chromosome 5 and named it “groom-1"".
It includes 27 candidate genes, three of which (4tlastin, Ata-
xin, AmNrx1) are associated with the development of the
nervous system and behavior.

Transcriptome analysis of Varroa resistance

After the decoding of the honeybee’s genome, studies of its
transcriptome were initiated. Differential gene expression
analysis is often used to find candidate genes. It allows finding
out how the activity of certain genes can affect the mechanisms
of resistance.

A comparative analysis of the transcriptome profile of colo-
nies with high and low levels of hygiene behavior (Boutin et
al., 2015) revealed 28 genes with increased expression in the
former. Most of them were located at previously identified loci
(Oxley et al., 2010; Spotter et al., 2012; Tsuruda et al., 2012).
Of great interest as markers are genes of cytochrome P450
gene superfamily (Cyp4AZ1, Cyp4gll, Cyp6ASI1, Cyp6ASS),
which are over-expressed in non-hygienic bees. Cytochro-
me P450 enzymes degrade odorant and pheromone molecules
(Feyereisen, 1999), thereby reducing the ability of bees to
detect infected brood.

Transcriptomic analysis of colonies with VSH phenotype
was performed by two groups (Le Conte et al., 2011; Mondet
etal.,2015). Le Conte et al. (2011) identified 39 differentially
expressed transcripts in the brains of bees with VSH phe-
notype compared to control bees without VSH. Among the
genes with increased expression in the brain of VSH bees,
the authors emphasize PRL-1, which encodes tyrosine phos-
phatase, and GB16747. It was later shown that the expression
of the GB16747, involved in the metabolism of ascorbate/
aldarate, increases in response to infection with V. destructor
(McDonnell et al., 2013). The Cyp4giI and Obp3 genes and
three exons of the Dscam were under-expressed.

Mondet et al. (2015) found 258 differentially expressed
transcripts in the antennae of worker bees with and without
VSH phenotype. Among genes involved in redox metabo-
lism 12 genes were over-expressed and 3 genes were under-
expressed in bees with VSH. Four genes that control the
immune response, in particular the Defl and Def2, were
under-expressed. Of particular interest are genes associated
with olfaction (Obp3, Trh, ORS85b-like, CSP2, NT-7, Obp14,
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et al.). Proteomic studies have also shown the involvement
of the Obp genes (Obpl7 and Obpl8) in the formation of
VSH phenotype (Hu et al., 2016). Differential expression of
the Obp genes indicates that the olfaction plays an important
role in VSH.

Analysis of two susceptible and two tolerant colonies (Na-
vajas et al., 2008) showed that mite-tolerant bees undergo
changes in the expression of genes that regulate the neurons
development and sensitivity, as well as the olfaction (orthologs
of D. melanogaster genes, which are over-expressed: poe,
GluCla, para, Dhc64c, and which are under-expressed: futsch,
scratch, fringe, Dscam, etc.). Colonies were used as tolerant
if they had not been treated with acaricides for 11 years and
had a low level of mite infestation (the authors counted mites
at the hive bottom 4 times a year for 5 years). In susceptible
colonies the level of mite infestation was 10 times higher.

Jiang et al. (2016), comparing transcriptome profiles of a
V. destructor tolerant colony that survived without acaricide
treatment for 58 months and a susceptible colony that died
from varroatosis within 17 months, identified 6 candidate
genes. Of these, 4 encode proteins of cytochrome P450. The
Cyp6A4S12 and Cyp6BE1 genes were over-expressed in pupae
of the tolerant mite-infested colony. Cyp6BE1 and Cyp903
were over-expressed in adults from a tolerant mite-free colony
relative to the same mite-infested colony, whereas at the pupal
stage there were no significant differences in expression levels
of the two genes.

Conlon et al. (2019) measured the expression of Mblk-1,
Cypl8all, and Phantom genes in workers and drones larvae
from Varroa tolerant colonies to verify the results of genome
wide analysis. The expression pattern of genes involved in
ecdysone biosynthesis (in particular, the transcription factor
Mblk-1) differed in drone larvae and worker larvae. If a muta-
tion occurs in the genes responsible for the ecdysone synthesis,
this can lead to a malfunction of the mite development cycle.
It is possible that the preference of the drone brood by the mite
and its more successful reproduction in it is a consequence
of the differences in the level of ecdysone expression in the
drone and bee brood.

Transcriptome analysis confirmed the contribution of
the neurexin I gene (Arechavaleta-Velasco et al., 2012) to
grooming behavior. In colonies with a high level of grooming
behavior, the expression of this gene was increased (Hamiduz-
zaman et al., 2017).

Transcriptomic studies were also performed for the Asian
bee A. cerana. Ji et al. (2014) compared the transcriptomes
of nurse bees of 4. cerana before and after infection with
V. destructor (after 24 hours). Among genes whose expression
increased in response to mite infection were genes associ-
ated with olfaction (Obp4, Obpl7, Obpl8, Dscam), as well
as transcription factors (CREB-like 2-like and Mblk-1). Diao
et al. (2018) showed that 4. cerana has more immune genes
and genes encoding antimicrobial peptides than 4. mellifera.
However, A. cerana has fewer genes encoding odorant-binding
proteins (Obp) and olfactory receptors. This suggests that
after the divergence, the European bee lost some of its genes
due to the lack of Varroa pressure, and when faced with it,
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MeoHOCHOW nuenbl K Varroa destructor

Overlapping candidate genes associated with Varroa destructor resistance

Gene candidate  Functional category

(chromosome)

Cyp4g11 Electron carrier activity;

(16) steroid biosynthetic process

Obp3 Odorant binding;

9) sensory perception of chemical stimulus
Obp4 Odorant binding;

9) sensory perception of chemical stimulus
Dscam Axon guidance;

(4) mushroom body development

Neurexin | Growth, maintenance

(5) and maturation of synapses in the brain

A. mellifera activated other mechanisms. Differences in the
methylation levels of genes responsible for learning and
memory were also recorded. The formation of long-term
memory and synaptic plasticity requires activation of neuro-
nal signaling pathways. Transcriptome analysis showed that,
in A. cerana, the expression of genes involved in signaling
pathways (cAMP-PKA, MAPK, and CaMK 1V) increases in
response to mite infection.

Genetic markers of bee resistance to varroatosis

The above mentioned studies narrowed down the list of po-
tential loci and candidate genes that determine the resistance
of bees to the Varroa mite. Each of the studies identified its
own candidate genes. Overlaps (coincidences of results) were
obtained mainly for those studies in which the same methods
for assessing the resistant phenotype were used (see the Table).

In studies of the transcriptome profile of the brain (Le
Conte et al., 2011) and antennae (Mondet et al., 2015) of
VSH bees, a common candidate gene Cyp4gl] was identi-
fied. In the brain, Cyp4gi] expression was decreased, and in
the antennae it was increased. Decreased expression of the
Cyp4gl1 gene in the brain was also shown for colonies with
high hygiene behavior tested with FKB (Boutin et al., 2015).
In addition, the Cyp4gll gene is located at one of the loci
previously identified in VSH bees (Spotter et al., 2012). It is
currently unknown what function Cyp4g// performs in the
honey bee organism. Cytochrome P450 genes are involved
in ecdysteroids metabolism, detoxification of xenobiotics and
destruction of odorant molecules (Feyereisen, 1999).

A common candidate gene Obp3 was identified for
VSH colonies (in two studies independently). In VSH bees,
the expression of this gene is increased in antennas (Mondet
et al., 2015), while in the brain it is decreased (Le Conte et
al.,2011). For one more gene from the Obp family, an overlap
was found: the Obp4, which are under-expressed in the brain

Phenotype Reference

....... VSHSpotte,eta|2012
|_e Con teeta| 20” ................................
FKBBoutmeta|2015 ...................................
VSHMondeteta|2015 ................................
....... VSHLeconteeta|2011
MO ndet e t a| 20 15 .................................

....... VSHTsurudaeta|2012
FKBBout,neta|2015 ...................................

Arechavaleta-Velasco et al., 2012;
Hamiduzzaman et al., 2017

of bees selected for FKB (Boutin et al., 2015), is located at
one of the loci on chromosome 9, identified earlier (Tsuruda
etal., 2012).

The overlap was also shown for Varroa tolerant (Navajas et
al., 2008) and VSH (Le Conte et al., 2011) colonies. Dscam
expression (GB15141) was under-expressed in Varroa tolerant
bees (Navajas et al., 2008). In a study (Le Conte et al., 2011),
three exons of the Dscam gene also were under-expressed.

Common candidate genes with the Asian bee A. cerana were
also identified. The resistance of the Asian bee to Varroa is
the key to understanding the resistance of the European bee.
The presence of overlapping genes such as Mblk-1, Dscam,
and Obp4 (Ji et al., 2014) confirms this. Further research is
needed to establish role of these genes in the mechanism of
Varroa resistance in bees.

Conclusion

Genomic and transcriptome studies have shown that genes
associated with visual and olfactory perception, development
and functioning of the nervous system (learning and memory
formation) play the main role in Varroa sensitive hygiene be-
havior. Receptor genes are of great interest, most of which be-
long to the family of G protein-coupled receptors (dopamine,
adenosine, and octopamine receptors). Some of the identified
candidate genes can be successfully used as markers for the
selection of specific subspecies or lines of bees for which they
were obtained (Haddad et al., 2015; Kim et al., 2019), some
of genes needs testing on other populations (Le Conte et al.,
2011; Boutin et al., 2015; Mondet et al., 2015; Spotter et al.,
2016; Hamiduzzaman et al., 2017). Some candidate genes are
associated with a general immune response (Le Conte et al.,
2011; Jiang et al., 2016). Further study of some genes (Ji et al.,
2014; Lattorff et al., 2015; Conlon et al., 2019), for example,
genes for ecdysone biosynthesis, will help to shed light on
the nature of the parasite—host relationship, in particular the
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question of why the mite in the original host reproduces more
successfully on the drone brood. Do not forget that the mite
is a parasite, and, like many parasites, some of its life support
systems are reduced. Finding these pain points of the Varroa
mite can also help fight varroatosis.

The resistance of the honey bee to the V. destructor mite
is under polygenic control. The European bee was able to
use other gene pathways to provide its defense against the
V. destructor, despite the short period of time since the mite
invasion. Establishing these pathways will help create a
methodological basis for breeding Varroa resistant A. melli-
fera colonies.
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Abstract. Primary congenital glaucoma (PCG) is a visual organ pathology that leads to progressive blindness and
poor vision in children. Its main cause is an anomaly of the anterior chamber angle. Most cases of PCG are sporadic,
but familial cases with an autosomal recessive (predominantly) and autosomal dominant (rare) type of inheritance
have been described. Congenital glaucoma is a rare condition (1 case per 10,000-20,000 newborns), but its preva-
lence is substantially higher (up to 1 case per 250 newborns) in countries where consanguineous marriages are com-
mon. Mutations in the CYP1BT gene, which encodes cytochrome P450 1B1, are the most common cause of autoso-
mal recessive primary congenital glaucoma. This enzyme is known to be involved in retinoic acid metabolism and
is necessary for normal eye development. The aim of this work was to assess the polymorphism of the CYP1B1 gene
among West Siberian patients with primary congenital glaucoma. Direct automatic Sanger sequencing of exons and
adjacent splicing sites of the CYP1B1 gene was carried out in 28 people with the PCG phenotype from a West Siberian
region. As a result, in the sample of the white population we examined, pathogenic variants previously described
in other ethnic groups were revealed: E387K (rs55989760), R444* (rs377049098), R444Q (rs72549376), and P437L
(rs56175199), as well as novel single-nucleotide deletion p.F114Lfs*38 in the CYP1B1 gene. The latter can cause a
frame shift, changed amino acid composition, and a formation of truncated in the protein. None of the detected
mutations were found in the control sample of ophthalmologically examined individuals without PCG (100 people).
Variants R444* (rs377049098) and R444Q (rs72549376) were not found in the general population sample either
(576 randomly selected West Siberia residents). All the detected mutations caused the development of the autoso-
mal recessive form of primary congenital glaucoma. The most severe clinical phenotype was observed in carriers of
mutations in codon 444 of the gene. Consequently, in children with signs of increased intraocular pressure, molecu-
lar genetic analysis of the CYP1B1 gene is advisable for early diagnosis and timely initiation of PCG therapy.

Key words: human; congenital glaucoma; CYP1B1; genetic analysis; cytochrome P450 1B1.

For citation: lvanoshchuk D.E., Mikhailova S.V., Fenkova O.G., Shakhtshneider E.V., Fursova A.Z., Bychkov LY., Voe-
voda M.I. Screening of West Siberian patients with primary congenital glaucoma for CYP1B1 gene mutations. Vavilov-
skii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2020;24(8):861-867. DOI 10.18699/VJ20.684
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AHHoTauusA. MNepBryHaA BPOXKAEHHaA rNaykoMa — 3TO MaToNIONMA opraHa 3peHus, KoTopasa NprBoOANT K Nporpec-
cupytoLleit cnenote 1 cnabosuaeHuio y geteit. OCHOBHOI ee MPUUYNHON ABAATCA aHOMANUN/HapYLLEHUA Pa3BUTUSA
yrna nepepHei Kamepbl rnasa. boNbWMHCTBO ClyyaeB BO3HWKHOBEHNA NEPBUYHON BPOXKAEHHON rayKoMbl Cro-
paguyeckme, Ho ONUCaHbl 1 CeEMeHble BapuaHTbl C ayTOCOMHO-PeLLeCCBHbBIM (MperMyLLeCcTBEHHO) 1 @y TOCOMHO-
LOMVHaHTHbIM (pefiko) TMMOM HacnefoBaHuA. BpoxaeHHaa rnaykoma — pefkoe 3aboneBaHue (OAWMH cnyyal Ha
10000-20000 HOBOPOXAEHHbIX), HO YacTOTa ee BO3HUKHOBEHUA CyLLeCTBEHHO BO3pacTaeT (40 OAHOro cyyas Ha
250 HOBOPOXKAEHHDIX) B CTPaHax, rAe pacnpocTpaHeHbl 61M3KopoacTBeHHble 6pakn. MyTtauumn B reHe CYPT1B1, ko-
TOpbIN KoaupyeT unutoxpom P450 1B1, ctaHOBATCA Hambonee YacTol MPUUYMHON ayTOCOMHO-PeLiecCBHBIX GopMm
NnepBUYHOI BPOXKAEHHOW FMayKoMbl. /I3BeCTHO, UTO 3TOT pepMeHT yyacTByeT B MeTabonmn3me peTMHOEBOI KNCIOTbI
1 Heo6xXoAMM A1 HOPMANIbHOMO Pa3BUTUA rNasa. Llenblo Hawer paboTbl Obina oueHKa nonumopdusma reHa CYP1B1
y naumeHToB 3anagHoin Cnbrpw C NepBUYHON BPOXAEHHON rnaykomoli. bbino npoBefeHo npAamoe aBToMaTnuyeckoe
cekBeHupoBaHue no CaHrepy 3K30HOB 1 NpUEralLLnX CanToB cnnancuHra reHa CYP1BT y 28 yenosek v3 3anag-
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Screening of West Siberian patients with primary
congenital glaucoma for CYP1B1 gene mutations

HO-CnbupcKoro pervioHa ¢ GeHOTMNOM NEPBUYHON BPOXKAEHHO rayKoMmbl. B pe3ynbraTe B 06cneoBaHHON HaMu
BbIGOPKE EBPOMNEOVAHOIO HacCeNeHUA BbIABEHbI PaHee OMUCaHHble B APYIMX STHUYECKMX FPYNMnax naToreHHble
BapwuaHTbl 3T0ro reHa: E387K (rs55989760), R444 * (rs377049098), R444Q (rs72549376) n P437L (rs56175199), a Tak-
e HoBaA OHOHYKNeoTHAHaA Aeneuus, NPUBOAALLAA K CABUTY paMKu cuutbiBaHuA p.F114Lfs*38 B reHe CYPIBI.
MocnepHAA MoXeT Bbi3biBaTb 06pa3oBaHMe 6esika C U3MeHEeHHbIM aMUHOKUCIOTHBIM COCTaBOM U YKOPOUYEHHOTO
6enka. Hv ofHa 13 BbIABIEHHbIX MyTaLuii He Gblfia BbiABIEHA B KOHTPOJIbHON Bbl6OpKe odTanbmonornyeckmn oob-
cnefoBaHHbIX 1L 6e3 NepBUYHON BpOXKAEHHOW rnaykombl (100 yenosek). BapraHTbl R444* (rs377049098) n R444Q
(rs72549376) He 6biny HalfeHbl TakKe B NOMYNALMOHHON Bbl6opKe (576 niiL, 0TOBPaHHbIX CyyaliHbIM 06pa3om)
xuTenein 3anagHon Cnbmpu. Bce o6Hapy»eHHble BapuaHTbl Bbi3blBasivi Pa3BUTNE ayTOCOMHO-peLeccMBHoi GopMbl
nepBUYHOI BPOXAEHHO rnaykombl. [pu 3Tom Harnbonee Taxenas KMHKYKa Habnoganack y HocuTenen myTauuii B
444 kopoHe reHa. CnefiloBaTenbHO, y fieTel C Npri3HakaMu NOBbILLEHNA BHYTPUIIAa3HOro AaBneHna ornpaBaaHo Npo-
BefleHNe MOJIeKyNAPHO-TeHETMYECKOro aHanm3a reHa CYP1B1 ans paHHe AUarHOCTUKM 1 CBOEBPEMEHHOIO Havana

Tepanu NepBrUYHON BPOXXAEHHON rMlayKOMbl.

KntoueBble cnoBa: yenoBek; BpoxaeHHas rnaykoma; CYP1B1; reHeTuyecknin aHanms; uutoxpom P450 1B1.

Introduction

Primary congenital glaucoma (PCG, OMIM 231300) is a visu-
al organ pathology that leads to irreversible blindness and poor
vision in children. The main cause of PCG is a malformation
of the aqueous outflow system and disruption of its filtering
ability followed by an increase in intraocular pressure, death
of retinal ganglion cells, and as a consequence, blindness or a
reduction in visual function (Thau et al., 2018; Badawi et al.,
2019). PCG is a rare disease; its prevalence is within the range
1 per 10000-20000 live births in the USA, UK, and Ireland
and is more frequent (1 per 1250 newborns) in populations
where consanguineous marriages are common (Badawi et al.,
2019). Most cases of PCG are sporadic, i.e., patients do not
have a family history; however, familial cases with autosomal
recessive (mainly) and autosomal dominant inheritance have
been described as well (Fan, Wiggs, 2010; Souma et al., 2016;
Hadrami et al., 2019). Numerous molecular genetic studies
have shown genetic heterogeneity of PCG; various genes and
combinations of their alleles can be involved in the formation
of the pathological phenotype (Liu, Allingham, 2011; de Melo
et al., 2015). The predominant cause of the autosomal reces-
sive form of PCG is mutations in the CYPIBI gene (OMIM
601771): they account for up to 50 % of familial and up to
20 % of sporadic cases (Sarfarazi, Stoilov, 2000). Cytochrome
P450 1B1, encoded by the CYPIBI gene, belongs to the su-
perfamily of enzymes that oxidize steroids, fatty acids, and
xenobiotics as well as carry out the biosynthesis of various
endogenous compounds (Klingenberg, 1958). The role of
this gene in the disease development is still not clear, but it is
known that the CYP1B1 monooxygenase participates in the
metabolism of retinoic acid, which is essential for normal eye
development (Cvekl, Wang, 2009).

The CYP1BI gene is located on the short arm of chromo-
some 2 (2p22.2) and consists of three exons, the first of which
is noncoding. A 543-amino-acid protein is encoded by exons 2
and 3 (Vasiliou, Gonzalez, 2008). The polypeptide contains a
few functionally significant regions: proline-rich “hinge” and
I-helix regions and a cytosolic globular domain, including
highly conserved J-helix, K-helix, B-sheets, meander, and
heme-binding regions (Stoilov et al., 1998; Zhao et al., 2015).

The enzyme is expressed in many tissues and organs (pa-
renchymal and stromal tissue of the brain, kidneys, prostate,
breasts, cervix, uterus, ovaries, and lymph nodes) and in intra-
ocular structures. CYP/BI mRNA is detectable in the ciliary
body, iris, and retina but is absent in trabecular meshwork
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(Muskhelishvili et al., 2001; Doshi et al., 2006). A study on
homozygous mouse knockouts of this gene showed an ocular
drainage structure malformation, confirming the involvement
of'this gene in the development of ocular aberrations (Libby et
al.,2003). In humans, CYPIBI gene expression was revealed
throughout all embryonic eye development and during the
postnatal period, but its level is higher in fetal eyes than in
adult ones. It can be assumed that the product of this gene
metabolizes some important substrate that plays a key role
in the development and maturation of eye tissues (Doshi et
al., 2006).

More than 120 distinct mutations in this gene have been
associated with the autosomal recessive form of PCG (http://
www.hgmd.cf.ac.uk/ac/all.php). There are single-nucleotide
substitutions in exons and regulatory regions (missense or
frameshift mutations or premature stop codons) and larger
rearrangements (insertions/deletions) in the CYPI/BI gene,
which alter its transcription and translation (http://www.hgmd.
cf.ac.uk/ac/all.php). Of note, only one splice site pathogenic
variant has been described until now (Afzal et al., 2019).
Pathogenic mutations in the CYP/BI gene associated with
PCG are most often localized in the hinge region or the cy-
tosolic globular domain, where they change protein folding,
heme binding, and the electron transfer ability (Sarfarazi,
Stoilov, 2000).

Thus, the aim of this study was identification of the spec-
trum of mutations in coding and adjacent noncoding parts of
the CYPIBI gene in patients with PCG in West Siberia by
Sanger sequencing.

Materials and methods

The study protocol was approved by the local Ethics Com-
mittee of the Institute of Internal and Preventive Medicine
(a branch of the Institute of Cytology and Genetics, the Sibe-
rian Branch of the Russian Academy of Sciences, Novosibirsk,
Russia). Written informed consent to be examined and to
participate in the study was obtained from each patient. For
individuals younger than 18 years, the informed consent was
signed by a parent or legal guardian.

Twenty-eight white patients with PCG were examined. The
study population consisted of three families, two patients each
(in two families, a pair of monozygous twins and one family
with two sisters), and 22 patients who were not related to each
other. There were 26 children (10 males and 16 females, from 1
to 12 years old, mean age 8.0+5.5) and two adult sisters aged
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45 and 49. All the patients were examined at the Novosibirsk
Regional Hospital. Age of onset and a family history were
recorded after an interview with the patients or their parents
and were based on medical records. All study participants
underwent ophthalmic examination: visual-acuity measure-
ment, slit lamp biomicroscopic examination, indirect gonio-
scopy, tonometry, corneal pachymetry, fundoscopy, and optical
coherence tomography of the optic nerve head. Other ocular
aberrations and systemic disease were exclusion criteria.

Two control groups were used: healthy and population
cohorts. One hundred healthy people (26—83 years old, mean
age 67.6+6.9, males 36 %, whites 100 %), who did not have
a family history of episodes of glaucoma and other systemic
diseases, were enrolled during routine examination at FSBI
IRTC Eye Microsurgery (Novosibirsk, Russia). The general-
population group (576 subjects total) was randomly selected
from two surveys: the population interviewed within the
framework of the HAPIEE project (Pajak et al., 2013), No-
vosibirsk, Russia (376 people, mean age 53.96+6.4 years)
and adolescents (188 subjects, mean age 14.83+0.88) from
the same region (Zavyalova et al., 2011).

Genomic DNA for Sanger sequencing was isolated from
leukocytes of venous blood by phenol-chloroform extrac-
tion (Sambrook, Russell, 2006). The primers were reported
previously (Gong et al., 2015). PCRs were carried out using
BioMaster LR HS-PCR (2x) (BiolabMix, Russia). The cycling
program consisted of denaturing at 94 °C for 3 minutes and
then 35 cycles of 94 °C for 30 seconds, 68 °C for 30 seconds,
and 72 °C for 50 seconds. The PCR products were evaluated
by electrophoresis in a 5 % polyacrylamide gel after visuali-
zation with ethidium bromide. A 100 bp DNA ladder (SibEn-
zyme, Russia) was added into each gel as a control. The
amplicons were purified on Agencourt AMPure Xp beads
(Beckman Coulter, USA), and the sequencing reactions
were carried out on an automated ABI 3500 DNA sequencer
(Thermo Fisher Scientific, USA) with the BigDye Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, USA).
The sequences were analyzed in the Vector NTI® Advance
software (Thermo Fisher Scientific). We chose a wild-type
sequence of the human CYPIBI gene from the Ensembl
Genome Browser (https://www.ensembl.org/index.html) as
a reference for alignment.

Rs72549376 and rs377049098 were genotyped by the re-
striction fragment length polymorphism analysis. Forward and
reverse primers were designed by means of the Primer-Blast
software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
The following primers were selected for both single-nucleotide
variants (SNVs): 5'-CCTTTATGAAGCCATGCGC-3' and
5'-TGGTCAGGTCCTTGTTGATGAG-3". PCRs were set up
using BioMaster HS-Taq PCR (2x) (BiolabMix, Russia), 1 pl
of each primer, and 1 pl of DNA with a total final volume of
25 pl. The PCR program consisted of initial denaturation at
94 °C for 3 minutes and then 30 cycles of 94 °C for 20 se-
conds, 59 °C for 20 seconds, and 72 °C for 30 seconds. For
genotyping of rs377049098 and 1572549376, 5 U of each re-
striction enzyme, Tag I and HinfI (SibEnzyme, Russia), were
added to the PCR product and incubated for 12—16 h at 37
and 65 °C, respectively.

To detect the C/C genotype of rs377049098, 178 and 43 bp
fragments were examined; to detect the T/T genotype, a 221 bp
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fragment was expected. All the fragments had to be present
to detect the C/T genotype. If both gene copies are mutated,
then the restriction site is disrupted, and product length should
look like that for the T/T genotype: 221 bp. To detect the
A/A genotype of 1s72549376, 130, 50, and 41 bp fragments
were examined; to detect the G/G genotype, 130 and 91 bp
fragments were expected. The A/G genotype necessitated
the presence of all the fragments. The PCR products were
evaluated by electrophoresis in a 5% polyacrylamide gel after
visualization with an ethidium bromide solution. A 100-bp
DNA Ladder (SibEnzyme, Russia) served as molecular size
markers on each gel.

Results

We analyzed exons and adjacent splice sites of the CYP1B1
gene in 28 patients with PCG. In all the patients examined,
the diagnosis of PCG had been made before 2 years of age (in
27 patients before age | year); in one male and one female,
the damage was unilateral (Table 1). After the diagnosis had
been made, 25 patients underwent surgical treatment, and
three had a nonsurgical intervention: eye drops. Conservative
treatment (selective fB-blockers and/or carbonic anhydrase
inhibitors) was administered either only as a preoperative
preparatory procedure or to prolong the hypotensive effect
of antiglaucoma surgery in the late postoperative period
(observation period from 1 year to 12 years). In probands P4
and P5, enucleation had been performed due to total retinal
detachment, loss of vision, and severe pain syndrome (see
Table 1). An analysis of the family history of the patients indi-
cated autosomal recessive PCG inheritance. Genetic analysis
of the patients revealed four previously described missense
variants R444Q (rs72549376), E387K (rs55989760), R444*
(rs377049098), and P437L (rs56175199) and a novel single-
nucleotide deletion of cytosine: p.F114Lfs*38 (see Table 1).
We did not identify homozygous carriers of a mutation in the
studied gene. Compound heterozygous pathogenic variants of
CYPI1BI1 were identified in three PCG cases. In one proband
(P1) without a family history of PCG, we identified a single
CYP1BI mutation, R444Q, without any additional genetic
variants in this gene. In three families, one patient with PCG
was registered (P1, P2, and P3), and in one family, two sisters
(P4 and P5) turned out to be compound heterozygous carriers
of the CYP1BI1 substitutions.

We found no carriers of R444* R444Q, p.F114L{s*38,
P437L, or E387K among 100 healthy controls. The first two
were not found in any of the 576 members of the general-
population group. In addition to rare pathogenic variants, we
found 6 previously described common SNVs, 5 of which are
located in the coding part of CYP/BI and one in the gene
promoter (Table 2).

It was previously shown that the detected substitutions
(rs10012, rs1056827, 1s1056836, rs1056837, and rs1800440)
are in linkage disequilibrium in different populations (Cha-
varria-Soley et al., 2006). For some pathogenic mutations
(including E387K, P437L, and R444Q), linkage to certain
intragenic haplotypes of the CYPIBI gene has been shown
(Plasilova et al., 1999; Sena et al., 2004; Chavarria-Soley et
al., 2006). Accordingly, we analyzed the haplotypes of the
CYP1BI gene in West Siberian patients with PCG that carried
rare mutations (Table 3).
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Screening of West Siberian patients with primary
congenital glaucoma for CYP1B1 gene mutations

Table 1. Mutations identified in the CYP1B1 gene among PCG probands

Proband, CYP1b1variant Minor allele Age, Clinical findings Eye condition Surgical ~ Family
sex (official name)  frequency, years/age operation, history
gnomAD  of diagnosis times of glaucoma
P1,male  R444Q 0.00001 10/3 months Bilateral buphthalmos, epiphora,  Bilateral PCG, 3 No
(rs72549376) photophobia, Haabs striae binocular
N """ d """""" d """"""""""""""" opacification of the cornea, blindness
ot detecte high intraocular pressure, anxiety
P2, male  E387K 0.00027 12/6 months Bilateral buphthalmos, epiphora,  Bilateral PCG, 1 No
(rs55989760) photophobia, Haabs striae stable
.................................................... ificati fth ,
Ra44* 0.00003 EiF;at::linfcfa;Ocr:JIc;r preegscﬁ?eeaniety
(rs377049098) '
P3, male  P437L 0.00002 9/8 months  Bilateral buphthalmos, epiphora, Bilateral PCG, 1 No
(rs56175199) photophobia, Haabs striae stable
.................................................... ificati fth ,
pF114Lfs*38 - opaci cation of the cornea
high intraocular pressure
(new)
P4, female R444* 0.00003 49/2 years Bilateral buphthalmos, epiphora,  PCG (right), stable; 12 Sister of P5
(rs377049098) photophobia, Haabs striae left anophthalmos with PCG
R444Q """"""""" 000001 """"" opaci.ﬁcation of the cornea, .
high intraocular pressure, anxiety
(rs72549376)
P5,female R444* 0.00003 45/4 months Bilateral megalocornea without ~ PCG (right), 10 Sister of P4
(rs377049098) opacification of the cornea, progressive; with PCG
""""""""""""""""""""""""""""" high intraocular pressure left anophthalmos
R444Q 0.00001
(rs72549376)

No - absent of glaucoma family history.

Table 2. Common variants of the CYP1B1 gene
found in West Siberian patients with PCG, and the SNVs' minor
allele frequency according to the gnomAD database

Name Location  Substitution Minor allele

of an SNV (NP_000095.2) frequency (gnomAD)

rs2617266  Promoter c.-1-12C>T

rs10012 Exon 2 R48G
c.142C>G

rs1056827 Exon 2 A119S A=0.32
¢.355G>T

rs1056836  Exon 3 L432V C=0.38
€.1294G>C

rs1056837 Exon 3 D449D T=0.38
c.1347T7>C

rs1800440 Exon 3 N453S G=0.15
c.1358A>G

Discussion

As a rule, the indications for tonometric examination of
children with suspected PCG are symptoms associated with
or caused by increased intraocular pressure: pronounced hyd-
rophthalmos, photophobia, tearing eyes, corneal whitening,
and anxiety. Because the symptoms may be more or less
pronounced, a genetic analysis can confirm the diagnosis,
especially in families with previously detected PCG cases.
Genetic heterogeneity of PCG makes it difficult to identify
causative variants, thereby complicating assessments of dis-
ease risk and severity in probands and their relatives.

864

Among the analyzed West Siberian patients with PCG,
16 % (four out of 25 unrelated people) were carriers of
CYPIBI mutation(s). Three cases were found to be com-
pound heterozygotes in terms of previously described variants
[E387K (rs55989760), R444* (rs377049098), and R444Q
(rs72549376)]. In one case, the mutation combination con-
sisted of P437L (rs56175199) and novel frameshift truncating
mutation p.F114Lfs*38 (see Figure).

Amino acid residue Arg444 located in the “meander” region
was predicted to be important for structural stabilization of
the protein. Replacing Arg with Gln disrupts the contact of the
amino acid residue at this position with the oxygen atoms of
Trp434 and Asn439 inside the molecule. It can destabilize this
structural component and affects the heme-binding and redox
functions of CYP1B1 (Mashima et al., 2001). In the case of
termination/stop codon Arg444* formation, a truncated protein
is synthesized that does not contain the conserved L-helix and
heme-binding regions.

In patient P1’s genome, we found only one Arg444Gln
substitution in the CYPIBI gene. Because the proband’s
parents did not have glaucoma, his pathological phenotype
is most likely due to an additional genetic factor or factors.
The same variant in compound heterozygotes was detected
in two sisters, P4 and P5. Clinical presentation of congenital
glaucoma associated with Arg444 substitution carriage was
characterized by faster progression of the pathological process
with subsequent loss of vision and an eye as a whole, despite
active treatment (12 and 10 operations with subsequent uni-
lateral enucleation in P4 and PS5, respectively, and poor vision
in the remaining eye; three operations in P1 with binocular
glaucoma blindness as a result). Detailed examination of
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Table 3. Probable intragenic haplotypes for CYP1B7 in Russian patients with PCG

Proband Mutation R48G A119S V4321 D449D N453S Haplotype
(rs10012) (rs1056827) (rs1056836) (rs1056837) (rs1800440) (amino acids)
P RA44Q (1572549376) < G G T MM CGGTA (RAVDN)
ND ............................................ CGGTA(RAVDN)
2 Glu37lys (1s55989760) GG TT < < AA GTCCA (GSLDN)
RA44* (377049098) GTCCA (GSLDN)
P PA37L(1s56175199) o G < T AA CGGTA (RAVDN)
pFNALSEMew) CGCCA (RALDN)
P R444* (15377049098)  GC T < T MM GTCCA (GSLDN)
RAMQ(72549376) CGGTA (RAVDN)
s Ra44* (15377049098)  GC T o T A GTCCA (GSLDN)
RA44Q(s72549376) CGGTA (RAVDN)
Healthy daughter R444* (rs377049098)  GC T < T AA GTCCA (GSLDN)
of P R CGGTA (RAVDN)
‘Healthy mother  R444* (rs377049098)  GC T < T MM GTCCA (GSLDN)
oIS ey o AVDN)
a p.Phe114LeuftsTer38 b
Si Ala Phe¢ Ala Asp Arg Pro
CGGCCTTCGCCGACCGGCCG
[TTecceacceccca
Leu Pro Th Arg
Control - ’
Proband

Novel mutation in CYP1BT gene.

(a) An electropherogram of DNA sequence with the new single-nucleotide deletion, p.F114Lfs*38, in the CYP1B1 gene. (b) 3D-structure of
cytochrome P450 1B1 [Protein Data Bank ID 3PMO0 (Wang et al., 2011)]. Red means the protein portion remaining unchanged in the case of
deletion p.F114Lfs*38; localization of identified amino acid substitutions is indicated.

available relatives uncovered no signs of PCG, either in the
mother of patients P4 and P5 or in the daughter of P4 (data
not shown). Analysis of the general-population and healthy
control groups revealed low prevalence of R444Q and R444*
among Russians (less than 0.001).

It is likely that the mutations affecting the “meander” region
can aggravate the course of the disease, as compared with
other mutations. Mutations in this region have been described
previously in Korean, Japanese, Lebanese, and Pakistani pa-
tients (Mashima et al., 2001; Chouiter, Nadifi, 2017; Micheal
etal., 2017).

Missense mutation P437L of CYPIB1 has been described
previously too. Proline at position 437 is located on the protein
surface and determines conformational rigidity of the struc-
ture by strongly bending the polypeptide chain. The P437L

substitution may alter this special conformation and disrupt
interactions of CYP1B1 with other molecules (Rashid et al.,
2019). This mutation is found in populations of India, Pakistan,
Brazil, Saudi Arabia, and Turkey (Kaur et al., 2011; Chouiter,
Nadifi, 2017; Rashid et al., 2019).

The novel single-nucleotide deletion of cytosine in co-
don 114 ofthe CYP1B1 gene changes the amino acid sequence
and creates a premature stop codon at amino acid posi-
tion 152. The resulting truncated protein with altered amino
acid composition does not contain highly conserved regions,
such as the cytosolic globular domain. This variant was not
found in gnomAD, HGMD, or ClinVar. Various deletions and
duplications in the CYPIBI gene are described in different
populations but are more common in white patients with PCG
(Sarfarazi, 2018).
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The E387K substitution is most frequent in Europe (Choui-
ter, Nadifi, 2017). E387 is an invariant amino acid residue for
all CYP450 family members (Stoilov et al., 1998; Sorenson
et al., 2015). Lysine in this codon disrupts K-helix orienta-
tion and prevents formation of a stable hemoprotein complex
(Stoilov et al., 1998; Sorenson et al., 2015). Among gypsies in
Slovakia, this substitution was found in 100% of PCG cases;
this result was explained by the founder effect (Plasilova et
al., 1999). Glu387Lys has been identified in French, Brazilian,
Canadian, Hungarian, US, and Spanish patients (Melki et al.,
2004; Sena et al., 2004).

It was found that among whites, 4 haplotypes are most com-
mon for 5 CYP1B1 variants R48G, A119S, V432L, D449D,
and N453S. They determine the formation of proteins with
amino acids RALDN, RAVDN, RALDS, and GSLDN at the
respective positions. Different enzymatic activities were ex-
perimentally established for these protein variants (Chavarria-
Soley et al., 2008). The enzyme with RAVDN amino acids
is 4-fold more active than the variant containing GSLDN. In
combination with pathogenic variants, the enzymatic activity
is even lower: because of a decrease in the enzymatic activi-
ty in the case of G61E and N203S, due to a decrease in the
amount of protein in the case of Y8 1N and E229K, or both in
the case of L343del (Chavarria-Soley et al., 2008). Combina-
tions of the polymorphisms and rare mutations can cause ad-
ditional differences in the phenotypic manifestation of PCG or
the severity of the disease. Detection of substitutions R444Q,
P437L, and E387K among Russians in the same intragenic
haplotypes as in populations from Brazil, USA, Japan, and
Romania, and Roma from Slovakia (Chavarria-Soley et al.,
20006) allowed us to assume the monophyletic origin of these
mutations in Asian, European, Roma, and Brazilian ethnic
groups.

In Russia, genetic screening of PCG patients has been per-
formed in the Republic of Bashkortostan and in St. Petersburg
(14 and 45 patients, respectively) (Motushchuk et al., 2009;
Lobov, 2017). No pathogenic substitutions in the CYPIBI
gene were found in the Bashkortostan PCG patients. In one
of the St. Petersburg patients, a heterozygous insertion of the
CTC trinucleotide in codon 369 (c.1508insCTC, p.P369ins)
was detected (Motushchuk et al., 2009); because the family
history of the patient was not described in that study, it is
impossible to determine the type of PCG inheritance.

Patients with PCG carrying pathogenic variants in the
CYP1BI gene require more surgical operations to correct intra-
ocular pressure and more thorough postoperative maintenance
(as compared with patients without mutations in this gene)
(Abu-Amero etal., 2011). Therefore, screening for mutations
in CYP1BI gene of children with early-onset glaucoma is ad-
visable for early detection of PCG; such patients subsequently
require special attention.

Conclusions

In white West Siberian patients with PCG, previously de-
scribed variants E387K (rs55989760), R444* (rs377049098),
R444Q (rs72549376), and P437L (rs56175199) and novel
frameshift mutation p.F114Lfs*38 were identified. In our
study, the most serious clinical phenotype was noted in car-
riers of mutations R444Q and R444*. Identification of patho-
genic variants in patients will contribute to their vision loss
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Screening of West Siberian patients with primary
congenital glaucoma for CYP1B1 gene mutations

minimization owing to early disease detection and regular
medical examinations of the substitution carriers. For the
patients’ family members, this analysis is also recommended
because for individuals who are not carriers of pathogenic
variants, the risk of PCG is comparable to that in the general
population, and they do not require thorough ophthalmic mo-
nitoring.

For verification of PCG diagnoses in West Siberian patients,
sequencing of exons and adjacent splice sites of the CYPI/B1
gene (rather than searching for point mutations) is recom-
mended due to the absence of major causative mutations.
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[TonuMopd13M reHa MaHHO30CBS3bIBAIOIIETO JIEKTVHA
YV KOPEHHBIX IIONMV/IALINI TEPPUTOPUIL APKTIUECKO 30HbI
Poccuiickoin demepainum

C.IO. Tepemenko ®), M.B. CMOABHUKOBA

HayuHo-nccnepoBaTenbCknin MHCTUTYT MeAULMHCKKX Npobnem CeBepa — o60cobneHHoe nogpasaenerne OefepanbHOro NCCnefoBaTeNbCKoro LeHTpa
«KpacHoApcKmin HayuHbli LeHTp Cnbrpckoro otaeneHnsa Poccuiickorn akagemmmn Hayk», KpacHospck, Poccus
&) e-mail: legise@mail.ru

AHHoTayumA. MaHHo30CBA3bIBaOWMIA NekTnH (Mmannose-binding lectin, MBL) — naTTepH-pacno3Hatowumin octpoda-
30Bblii 60K, OTHOCALMIACA K CUCTEME BPOXKAEHHOIO MMMYHUTETA U aKTUBHO YYaCTBYIOLMIA B SANMUHALUN WINPO-
KOro Kpyra naToreHHbIX MUKPOOPraH13mMoB NOCPEACTBOM aKTVBaLMWN NEKTVHOBOrO MyTW CUCTEMbI KOMIJIEMEHTa.
3HauuTenbHaA YacTb YesloBeYECKON MOMNyNALUN MMEEeT BPOXAEHHO HU3KUA YPOBEHb MPOAYKUUN W/WAN HU3KYIO
dYHKUMOHaNbHY0 akTMBHOCTL MBL BcnencTBMe HOCUMTENbCTBA Pa3fNMYHbIX BapuaHTOB reHa MBL2, uyTo MoXeT Mo-
AndrLmMpoBaTh TeYeHre caMmbiX PasHOObpasHbIX MHEKLMOHHbIX 3aboneBaHuin. YacToTa reHOTUNOB U ranioTUnos
nonumop$nsmos B reHe MBL2 nmeeT 3HaunTeNbHbIE MONYNALUMOHHbIE pa3nnumna. K HacToALeMy BpeMeHU [aHHble
OTHOCUTENIbHO pacnpefeneHna reHoTunoB reHa MBL2 B KOpeHHbIX NOMyNALMAX TePPUTOPUIN APKTUYECKON 30HbI Poc-
cuinckon Gepepauym oTCyTCTBYIOT. Lienb nccnefoBaHma — n3yyeHne 4acToTbl Y STHUYECKON CneumdrKkn pacnpenene-
HUS annefibHbIX BapuaHToOB nonnmopdunamos reHa MBL2 rs11003125, rs7096206, rs7095891, rs5030737, rs1800450 n
rs1800451 1 vx rannoTunoB B nonynauunax Tanmbipckoro JonraHo-HeHeukoro paioHa KpacHospckoro Kpas (HeH-
LUbl, JONraHbl-HraHacaHbl, pycckume). B HacTosALeM nccnefoBaHny Hamy BRepBble MOoJlyYeHbl AaHHble O YacToTax re-
HOTWMOB U rarmoTUNoB reHa MBL2 y KOpeHHbIX HAPOAHOCTEN, MPOXKMBAKOLNX Ha TEPPUTOPUAX APKTUYECKOWN 30HbI
Poccuiickon ®epepaymn. Yactota BcTpevaemocTu rannotuna HYPA, acCouMMpoBaHHOTO C BbICOKOW KOHLEHTpaumen
MBL, coctaBuna 35.4 % pna pycckmx HOBOPOXAeHHbIX BocTtouHon Cnbrpw, 4To COOTBETCTBYET YacTOTaM eBpOnei-
CKUX nonynaumm (27-33 %). Y HOBOPOXKAEHHbIX apKTUUECKUX MONYNALMIA yacToTa rannoTuna HYPA 6bina ctatnctmnye-
CKM 3HAUMMO BbILLE, YEM Y PYCCKUX, U cOCTaBWNa 64 % AN HeHueB 1 56 % AnA foNraH-HraHacaH, YTo npubnmkaertca K
3HaUYeHVAM YacToT, BbIABJIEHHbIX A1 SCKMMOCOB 1 CeBEpOaMePUKaHCKIX HAenUeB (64-81 %). Monynaummn HeHUeB 1
[ONraH-HraHacaH AeMOHCTPUPYIOT CYLLeCTBeHHO 6onee Hi3Kre YacToTbl MBL-AeULMTHBIX FrannoTnoB B CpaBHEHUN
c eBponeougamun BoctouHoi Cnbupn (3.9, 6.4 n 21.3 % cooTBeTCTBEHHO). Mbl NMpeanonaraem, YtTo N30MPOBaHHbIe
apKTUyeckre NonynAaunm NCTOPUYECKM MO3XKe CTONKHYNCb C HEKOTOPbIMU BHYTPUKIETOUYHbIMY MHbeKLmnaMmn (Ty-
6epKyfie3om, nenpon) 1, B OTINYNE OT EBPONEOVAHbIX MOMYAALMIA, COXPaHUIN CHOPMMPOBAHHYIO Ha PaHHKX STanax
3BOJIIOLMM YenoBeKa BbICOKYIO akTUBHOCTb JIEKTVHOBOIO Ny TN akTUBaLMK KOMMIEMEHTa.

KnioueBble cnosa: MBL2; nonmopdur3m reHoB; HOBOPOXKAEHHble; Poccums; apKTuyeckre nonynaumm.

Ana yntnposauua: TepeweHko C.10., CmonbHuKoBa M.B. MNMonrmopdram reHa MaHHO30CBS3bIBalOLLEr0 NIEKTUHA
Y KOPeHHbIX MonynAuni Tepputopuin ApKTyeckom 3oHbl Poccuinckon ®epepaummn. Basunosckull XypHan 2eHemuku
u cenekyuu. 2020;24(8):868-875. DOI 10.18699/VJ20.685

Polymorphism of the mannose-binding lectin gene
in the Arctic indigenous populations of the Russian Federation

S.Yu. Tereshchenko &, M.V. Smolnikova

Scientific Research Institute of Medical Problems of the North, Federal Research Center "Krasnoyarsk Science Center”
of the Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk, Russia
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Abstract. Mannose-binding lectin (MBL) is a pattern recognizing acute-phase protein of the innate immunity system
actively involved in the elimination of a wide range of pathogenic microorganisms by activating the lectin pathway of
the complement system. A significant part of the human population has a congenitally low production level and/or
low MBL activity due to the carriage of various MBL2 variants, which can modify the course of a wide range of infec-
tious diseases. The genotype and haplotype frequencies of the MBL2 polymorphisms have significant population
differences. So far, data on the prevalence of the MBL2 genotypes in indigenous populations of the Russian Arctic
regions have not been available. The aim of the study was to analyze the frequency and ethnic specificity of the dis-
tribution of allelic variants of the MBL2 polymorphisms rs11003125, rs7096206, rs7095891, rs5030737, rs1800450 and
rs1800451 and their haplotypes in the populations of the Taimyr Dolgans-Nenets region of the Krasnoyarsk territory
(Nenets, Dolgans-Nganasans, Russians). Data on the genotype and haplotype frequencies of the MBL2 gene among
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Monvmop¢u3m reHa MaHHO30CBA3bIBAIOLLETO JIEKTNHA
Y KOpPEHHbIX NONyALMIA TeppUTOpUin APKTUYECKON 30HbI PO

indigenous peoples of the Russian Arctic territories was first obtained in the study. The HYPA haplotype prevalence
associated with a high concentration of MBL amounted to 35.4 % for Russian newborns in Eastern Siberia, corre-
sponding to the one for European populations (27-33 %). In newborns of the Arctic populations, the prevalence of
HYPA haplotype was significantly higher than in Russians and amounted to 64 % for Nenets and 56 % for the Dolgans-
Nganasans, which is close to the one detected for the Eskimos and North American Indians (64-81 %). Populations
of Nenets and Dolgans-Nganasans demonstrated a significantly lower prevalence of MBL-deficient haplotypes com-
pared with Caucasians of Eastern Siberia (3.9, 6.4 and 21.3 % respectively). Isolated Arctic populations were suggested
to experience some intracellular infections (tuberculosis, leprosy) historically later and, unlike Caucasoid populations,
to retain the high activity of the lectin complement activation pathway formed in the early stages of human evolution.
Key words: MBL2; gene polymorphism; newborns; Russia; Arctic populations.

For citation: Tereshchenko S.Yu., Smolnikova M.V. Polymorphism of the mannose-binding lectin gene in the Arctic
indigenous populations of the Russian Federation. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics
and Breeding. 2020;24(8):868-875. DOI 10.18699/VJ20.685 (in Russian)

BBepeHune

Cucrema KOMIUIEMEHTA — IPEBHEHIINI KOMITOHEHT BPOXK/ICH-
HOTO UMMYHHUTETA, OCHOBHON (DYHKI[HEH KOTOPOTO SIBJISIETCSI
MIPEUMYIIECTBEHHO MHTPABACKYIIPHAS AMUMUHALNS OaKTe-
pHaJbHBIX areHToB. Kpome Toro, mpoTeMHbI KOMIUIEMEHTa
UTPAIOT POJIb CBOCOOPA3HOTO MOCTA MEXK]y CHCTEMaMH BPO-
JKICHHOTO M aJallTHBHOTO MMMYHHTETa, oOecreunBast aje-
KBaTHBIC YCIIOBHUS JUIS co3peBaHus U nuddepennmanun B-
u T-mumpounToB. CucTemMa KOMIJIEMEHTa COCTOUT M3 T1a3-
MEHHBIX IPOTENHOB U MEMOPaHHBIX perenTopoB. [lma3men-
HBIE TIPOTEHHBI B3aNMOJICHCTBYIOT MEXly cOOOH Tpems u3-
BCCTHBIMU KaCKaJIHBIMH MYTAMHU — JICKTUHOBBIM (HaI/I6OJ'[ee
(hMITOTeHETHYECKH IPEBHHUM), aTbTEPHATHBHBIM U KIIACCH-
YECKHM.

JlekTHHBI — OOLIMH TEPMHUH MPOTEUHOB, (HOPMHUPYIOLIMX
OT/ICTBHOE CYTIePCEMEHNCTBO MATTEPH-PACTIO3HAIOIINX PELIeTI-
TOPOB, CIIOCOOHBIX K PACHO3HABAHUIO U arperayuy MOJIEKYI
OJIMTO- ¥ MOJIMcaxapuIHoi npuposl. Cpean BcexX JIGKTHHOB
YHUKAJIBHBIMH (QYHKIUAMA (POPMUPOBAHUS KOMIUIEKCOB C
YIIIEBOJHBIMU KOMITOHEHTaMH MUKPOOHOM CTEHKH 001a1a10T
(hukonuHbI (00UIMIT JOMEH — (UOPHOHOTEH) U KOJIEKTHHBI
(oOmmmii TOMEH — KOJUTareH) — MaHHO30CBSI3bIBAIOIITHI JIEKTHH
(mannose-binding lectin, MBL), ne4eHOUHBIN ¥ MOYCUHBIH
xosutektunbl (Kilpatrick, 2002; Zelensky, Gready, 2005; Bjar-
nadottir et al., 2016; Troldborg et al., 2017). O6pa3oBanue
CJIOKHOTO KOMIIJIEKCa MOJIMCaXxapuabl MUKPOOHOW CTEHKH +
KOJUIEKTHUH/(DUKOJIMH + crienin(pIeCcKUe MpoTeasbl IPUBOINT B
UTOTE K aKTHBAIIH CUCTEMBI KOMILIEMEHTA, BOCTIATUTEIEHON
peaknuy M SIMMUHALUK OakTepun. Takoi MyTh aKTHBAIMU
Ha3bIBACTCS JICKTUHOBBIM.

MBL — knaccuueckwii tektud C-tuma (C-type lectin), co-
CTOSIIIMH M3 HECKOJIBKHUX CYOBEMHUIL M CKIIOHHBIN K OJIUTO-
MEpHU3aluH 10 JTUMEPOB, TPUMEPOB U TeTpamepos. Criocob-
HOCTH K OJIMTOMEpHU3AINH TeHETUYESCKH JICTCPMUHHPOBAaHA
M KPUTHYECKH MOBBIIIAET akTUBHOCTH MBL B oTHOmIEHMM
CBA3BIBAHUA IMOJIHMCAXapruI0B 6aKTepHﬁ 1 aKTHUBAIlUU KOMII-
nemenTta (Kilpatrick, 2002). B HacTosimee BpeMs H3BECTHO,
YTO JOMUHAHTHBIE MyTaluu B 3k30He 1 rena MBL, pacmo-
noxenHoro Ha xpomocome 10 (10g21.1), mpuBoAsT K CHIXKe-
HUIo ciocoOHOcTH MBL K onmuroMepusanuu u, CIe0BaTeb-
HO, K CHIDKCHHUIO €r0 IIa3MEHHOM KOHIIEHTpAlMu U (yHK-
HHOHaJ’IBHOﬁ aktuBHOCTH. K Takum OJHOTHUIIHBIM IIOCJICI-
CTBUSIM IIPUBOIAT MyTaIluu B KomoHax 52 (rs5030737; A/D),
54 (rs1800450; A/B) u 57 (rs1800451; A/C). Annenu, co-
JieprKale MyTaluu B KoJoHax 52, 54 u 57, 0003Ha4ar0T Kak

D, B u C cOOTBETCTBEHHO, B OTJIMYKE OT JUKOTO ajuieiis A.
B cBs131 ¢ OTHOTUITHBIMI (PU3HOTOTUUECKUMH TTOCTIEACTBUSIMU
mytanuu D, B u C npunsito o0bennusTh 1 0003Ha49aTh O.

Kpome konupyrommx MyTaruii B 3k30He 1, Ha IMMYHOJIOTH-
yeckyro GpyHkimo MBL Taxoke BIUAIOT MyTaIlii B IPOMOTOPE
reHa: muMopdu3Msl B Tokycax rs11003125 (H/L) nrs7096206
(Y/X) MOynupyIOT TpaHCKPHIIIMOHHYIO aKTHBHOCTb, 3HAYH-
TEJIFHO BN Ha KoHIeHTparmio MBL B ma3zme kposu (H>L
nY > X) (Kilpatrick, 2002). Ycranosneno, yro HY quriorun
ACCOLIMMPOBaH C HauboJiee BBICOKOW IIa3MEHHOW KOHIICH-
Tpauueit MBL, LY nurutotun — co cpenHeit, a LX — ¢ HU3KoH
(Madsen et al., 1995). Kpome Toro, ObU1 BBISIBIICH AUMOP(HU3M
B HEKOJIUPYIOIIIEM peruone 3k3oHa 1 (rs7095891; P/Q).

B cBs131 ¢ BEIpaKEHHBIM HEPaBHOBECHBIM CLICTNICHUEM BCE
OIMCAHHbIC MYTAallMd MOTYT KOMOMHHMPOBATHCS B OTpaHU-
YEHHOE YMCJI0 TaIIOTUIIOB U3 64 BO3MOKHBIX (HYPA, LXPA,
LYQA, LYPA, HYPD, LYPB, LYPD n LYQOC) (Madsen et al.,
1995; Sullivan et al., 1996). Pacipenenenue 4acToT rarioTH-
110B reHa MBL umeeT KpailHe BbIPaXKEHHBIC NOIYJIALIUOHHbIE
pasmmuns (Madsen et al., 1995; Boldt et al., 2006). Tak, ga-
CTOTa BCTpeuaeMocTH raroruna HYPA, accollMMpOBaHHOTO
¢ BbICOKOH KoHIeHTpauueir MBL, Bapsupyet ot 6-8 % B
appukaHCKUX momyssmuax — Mo3amouk, Keans (Madsen et
al., 1995, 1998) — no 64-81 % B ceBepHBIX KOPEHHBIX ITOITYJIsI-
IUSIX — CeBepOoaMeprKaHcKue uuaeiIsl u nayutsl (Hegele et
al., 1999; Best et al., 2004; Monsey et al., 2019). EBporreonst
B 9TOH rpajalinyl 3aHUMAIOT IPOMEXYTOUHOE MOJIOKEHHUE C
27-30 % gacrotoii raroruna HYPA (Skalnikova et al., 2004;
Bernig et al., 2005; Steffensen et al., 2000).

JIOTIOITHUTEINIBHO, JUTST OLIEHKH KIIMHIYECKHUX TTOCIICICTBHI
TeHETUYECKH JETePMUHUPOBAHHBIX PA3IMUYUN B dKCIpec-
cunt MBL 65110 ipeioskeHo Beiienste MBL-nedummrHse
(YO/YO wmm XA/YO), MBL-nipomexytounsie (YA/YO wnnu
XA/XA) n MBL-BbicOKO3KCTIpeccupyrotue (YA/YA wnu
XA/YA) numnotunsl (Garred et al., 2009; Monsey et al., 2019).
IIpunsaro cuntars, uro 2025 % Bcell YenoBe4eCKON MOy s
LUK SIBJISIFOTCsT HOcuTesiMu MBL-1ieGUIIMTHBIX TallIOTUIIOB,
ay 8-10 % MBL B nna3me KpoBH OTCYTCTBYET WM KpaiHe
Hu30Kk (Madsen et al., 1995; Chalmers et al., 2013; Eisen,
Osthoff, 2014).

BonmpmuaCcTBO MBL-1€UIIUTHBIX WHAUBUAOB B IEJIOM
370pOBBL. SIBHBIC KITMHUYECcKHe mocnencTsust MBL-nedumut
HMEEeT TOJIBKO B OTJENBHBIX KIMHUUECKUX CUTYyalUaxX: y Ha-
LIUEHTOB C HEUTPONEHUEM, [TOCIIE TPAHCILUIAHTAL[UK OPraHOB
W TKaHEeH, Yy HOBOPOXX/JCHHBIX, OCOOCHHO y HEOHOIICHHBIX
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(Luo et al., 2014; Czerewaty et al., 2019). B to xe Bpems
3HAUUTEIBHOE KOJIMUYECTBO MCCIEIOBAHUI MOKA3bIBACT, UYTO
TEHETUYECKH JIETEPMUHUPOBaHHBINA ypoBeHb MBL moxer
MOAN(UINPOBATH PUCK BOSHUKHOBEHHUS M KJIMHUUECKHUE Xa-
PaKTEepUCTUKN MHOTUX MH(EKIIMOHHBIX 3a00meBanni. Takoe
BIIMSTHUE MMeEEeT TUTIOPUITOTEHTHBIN XapakTep.

Bricokuii ypoBenb MBL sBisieTcst mpoTeKTUBHBIM (ak-
TOPOM B OTHOILIICHUH BOSHUKHOBEHNS U TSKECTH MH(EKIHH,
BBI3BaHHBIX WHKAICYJIMPOBAHHBIMHU Oakrepusmu (Strepto-
coccus pneumoniae, Haemophilus influenzae v Neisseria me-
ningitidis), Ipexxae Bcero y netei pannero Bospacra (Eisen
et al., 2008; Tereshchenko et al., 2016). B To xe Bpemst Obl1a
BbICKa3aHa TMIIOTE3a, YTO HOPMaJbHbIE/BHICOKHE YPOBHH
MBL MoryT moBHIIIaTh PUCK WHOUIIMPOBAHUS M H30BITOU-
HOH BOCTIAJINTEIBHON PEaKIH TP NHPEKIUIX, BBI3BAHHBIX
HEKOTOPHIMU BHYTPHKIICTOUHBIMU BO30Oymutesimu (Myco-
bacterium tuberculosis, Leishmania) (Verdu et al., 2006;
Eisen, Osthoff, 2014). CirenoBatensHO, HOCUTEIH HEKOTOPHIX
MBL-1epHUIUTHBIX TaIUTIOTUIIOB MOT'YT HMETh OIPE/ICICHHOE
KIMHUYECKOE MPEUMYIIECTBO MPH 3THX BHYTPHKIETOYHBIX
nHexnusax. [locnennue nMpoBeeHHbIE METaaHAIU3EI T10-
Ka3bIBAIOT, YTO CBSI3b MBL TEHOTHUIIOB C TyOEpKYJIe30M He-
OIHO3HAYHA: HEKOTOPbIE TCHETUIECKHIE BAPHALIUH ITOBBIIIAIOT
puck 3aboseBanust (rs1800450, rs5030737), a HekoTOpBIE
MoryT ero cHmkarb (rs1800451, rs7095891) (Areeshi et al.,
2016; Caoetal., 2018; Tong et al., 2019). AHanu3 OCIOKHIET
OoJtpIIas TeTepPOreHHOCTh KIMHUYECKHX (hopM TyOepkysesa
B IIPOBE/ICHHBIX HccneaoBaHusIX. K ToMy ke olleHKa pucKa B
3HAUUTEIBHON MEPEe MOXKET 3aBUCETh OT ITHUUECKOTO M BO3-
PacTHOTO cocTaBa UCCIIeIOBaHHBIX TOMyIisiui (Areeshi et al.,
2016; Cao et al., 2018; Zhang et al., 2020). Hackonbko Ham
M3BECTHO, K HACTOAIIEMY BPEMEHH HE OITyOIMKOBAHbI TAaHHbBIE
OTHOCHTEJIBHO PACIIpe/ieNIeHs TeHOTHUIIOB M T'aIIOTUIIOB TeHa
MBL?2 B pycckoii nonyisiinu Bocrounoit Cubupu 1y KopeH-
HBIX )KUTENEH, IPOKHUBAIOILUX HA TEPPUTOPHUIX APKTUUECKON
30HbI Poccuiickoit denepanuu.

MaTeleaﬂbl n metoabl

Jlist M3ydeHus: OHOHYKJICOTHIHBIX MOJMMOP(PHU3MOB reHa

MBL2 B KpacHOSpCKOM KpaeBOM KOHCYJIHTaTHBHO-AHArHO-

CTHYECKOM LIEHTPE MEAUIIMHCKON T€HETHKHU OBLIO TOTyYEHO

B 00m1elt ciokHOCTH 880 00pa3IOB BBICOXIINX IISITEH KPOBH

OT HOBOPOXACHHBIX U3 TaimbIpckoro Jlonrano-Henenkoro

pationa KpacHosipckoro kpasi. MaTtepuanaoM HCCIEI0BaHUS

nociyxuna JJHK, Beienennas n3 nepudepudeckoil KpoBH C

ucnons3oBanreM Habopa DIAtom DNAPrep100 (OOO «U13o-

ren», Poccust). HoBopoxxeHHbIE ObLTH pa3eieHbl Ha YEThIPE

TPYTIIBL JJIST U3YYEHUs] STHUYECKOH CIenn(UKH TOIUMOp-

¢u3moB MBL?2:

* 1 —260 genoBek U3 ACPEBEHD C MPEUMYIIECTBEHHO HEHETI-
KHMM HaceJIeHneM (HEHIIbI COCTaBISIIOT 85 % HaceseHus);

e 2 — 110 yenoBek U3 AepeBEHb C MPEUMYIIECTBEHHO JOJI-
raH-HIAHACAHCKUM HACEIEHHEM (JI0OTaHbl-HTaHACAHBI CO-
ctasistoT 91 % HaceneHust);

e 3—-210 9yenoBeK U3 AePEBEHb CO CMEIIAaHHBIM HACEJICHHEM
C pa3IMYHON KOMOWHAIMEe! KOPEHHBIX M CMEIIaHHBIX I10-
MyJsIUH;

* 4 — 300 HOBOpOXIEHHBIX U3 ropoaa KpacHosipcka, nMero-
IMX eBporeiickue KOpHHU (pycckue cocTaisiioT 91 % Ha-
CeIICHHA).
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Table 1. Nucleotide sequences of allele-specific probes
for genotyping

Polymorphism  Allele-specific probe Fluorophore-

nucleotide sequence allele

rs11003125 F - GGGCCAACGTAGTAAGAA VIC-C/FAM-G
R- GGAGTTTGCTTCCCCTTG

rs7096206 F - GCGTTGCTGCTGGAAGAC VIC-G/FAM-C
R - CAATGCACGGTCCCATTTG

rs7095891 F - GGGAAGGTTAATCTCAGTTAA  VIC-A/FAM-G
R - CCAGGGATGGGTCATCTATT

rs5030737 F - CTCCAGGCATCAACGGC VIC-T/FAM-C

R - CCAACACGTACCTGGTTC

Hccnenosanne Obu10 0100peHo 3THYECKUM KomuTeToM Ha-
YYHO-HCCJIEIOBATEIbCKOI0 HHCTUTYTA MEAUIIMHCKUX MPOO-
mem Cesepa (Ne 9 ot 8.09.2014). ITomy4ueHO MUCHEMEHHOE
MH()OPMHUPOBAHHOE COTIACHE Ha MTPOBEICHUE UCCIICTOBAHUS
OT pOoUTENEN.

I'enorunupoBanue nByx momuMmopdusmMoB rs1800450 u
rs1800451 mpousBeneHO ¢ MOMOIIBI PECTPUKIIUOHHOTO
aHaym3a npoaykroB amrutudukaru ([1IPD-ananus) creru-
(hraecknx ygacTkoB reHoma. @parment u3 349 bp 6pu1 am-
TU(GUIMPOBAH C MCIOIB30BAaHUEM Taphl NpaiiMepoBs: for-
ward 5-TAGGACAGAGGGCATGCTC-3" u reverse 5'-CA
GGCAGTTTCCTCTGGAAGG-3' (TemmepaTypa OT)KHTa
60 °C). Duponyxieassl pectpukimu AccB1 I (rs1800450)
Mbo II (rs1800451) npumMeHsuH AJ1si TUAPOIIHM3a aMIuTUBu-
KaToB M jajee (pparMeHThl pa3femnsian B 2 % arapo3HoM reie
C ATUAMYMOM OPOMHIOM JUIsl BU3YaJlM3alMH PE3YJIbTaTOB.
B ciyuae rs1800450 momumopdu3ma MCIOIB30BAIH Pec-
TpukTazy AccBl I pparment 349 bp coorBercTBOBan B ai-
nemto, a 1Ba Gpparmenta 260 n 89 bp — A amrenio. B ciydae
rs1800451 ucnonwszoBanu Mbo II su0HyKII€a3y: pparMeHT
349 bp cootBercTBOBaN A amnenro, a aa pparmenrta 270 u
79 bp — C amnernro.

FCHOTI/IHI/lpOBaHI/Ie OJHOHYKJICOTUAHBIX HOHI/IMOpq)l/ISMOB
MBL2 rs11003125, rs7096206, rs7095891 n rs5030737 ocy-
mecTBIeHO npu nomotnu Metona I11P B pexnme peansHOTo
BPEMEHH C UCII0JIb30BaHHEM CIEHU(PUIESCKUX OJIUTOHYKIIEO-
TUAHBIX TpaiiMepoB U (IIyOpECIIEHTHO-MEUEHHBIX 30HI0B
(TagMan) (OOO «IHK-cunTes», Poceust) mo mpotokoiy mpo-
u3BonuTens (tabdi. 1).

CooTBeTcTBHE YACTOT TEHOTHUIIOB PABHOBECHIO Xapaw —
BaiinGepra npoBepeHo ¢ ucnonb3oBanueM 2. CpaBHEHUS
YacCTOT I'CHOTHUIIOB POBOAWIN € MCIIOJIB30BAHUEM TOYHOT'O
JIByCTOpOHHero tecta dumepa. ['amioTunsl OLEHUBAIU U
CPaBHUBAJIM MEKTY TOIYIISILIUSMHE C MCIIOJIb30BAaHNEM ITaKeTa
haplo.stats st R cpenpl. J{jist MHOXECTBEHHOTO TECTUPOBA-
HUS TpUMeHeHa Koppekius bordepponn. Cratuctudecku
3HAUUMBbIE pazauuust OblIH MpHHATH 1pu p < 0.05 mocie
KOPPEKIMHU 11 MHOKECTBEHHOI'O TECTUPOBAHUA.

Pesynbratbl 1 06cyKaeHue

YacToThl T€HOTUIIOB BCEX BKJIIOUEHHBIX B HUCCJIICA0OBAHUC
nmonmuMop(HBIX y4acTKoB TeHa MBLZ2, 3a WCKITIOUCHUEM
rs1800451, mpencraBieHsl B Ta0M. 2.
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Table 2. MBL2 genotype frequencies among newborns from different ethnic populations
of the Taymyr Dolgan-Nenets raion of the Krasnoyarsk oblast and of the city of Krasnoyarsk, n (%)

MBL2 genotype Nenets (1),
n =260
e s 114(044) ....................
oromoter e 121(047) ....................
s . 5(010) ....................
HWEpvaIue0381 ............................
s e 4(002) ....................
oromoter s : 0(023) ....................
e 196(075) ....................
HWEpvaIue0808 ...........................
s L - (oso) ....................
SUTR PQ .................................. : 0(019) ....................
QQ ................................... 3(001) ....................
HWEpvalue0992 ...........................
s s . (097) ....................
eon 1 o 8(003) ....................
B 0(000) ....................
HWEpva|ueoso1 ............................
s S o (084) ....................
oo 1 e ; 7(014) ....................
e 5(002) ....................
HWEpvaIueOO3O ...........................
Combmedcodmg ................ L . 21(081) ....................
genotype s . 4(017) ....................
(15030737, e,
rs1800450, 00 2002 e
rs1800451) HWE p-value 0.120

Bapuantnsiit amutens C B yuactke rs1800451 obnapyxen
TOJIBKO B OTHOM ciy4dae 13 880 mpoTecTHPOBAHHBIX HOBOPOXK-
JIEHHBIX — B ToMo3uroTHOM coctosanu (CC) y eBporeona,
npokuBaromero B Kpacnosipcke. Cpei TOMO3HTOTHBIX Ba-
pHanuii u3y4eHHbIX nosmmophusmoB rena MBL2 nanbonee
3aMeTHBIC IOMYJISAIIMOHHBIC Pa3INIHs BBISBICHBI B TPOMOTOP-
HOM peruone 1t yuactka rs11003125, rae uactora renoruna
LL, acconimupoBanHoro ¢ Hu3Kou npoaykureit MBL, B pyc-
CKOH TMOMYJISAIINH MTPEBHIIIATa YACTOTH B KOPEHHBIX TOITYJISI-
nusax Apkruku B 2-3 pasa: pycckue — 37 %, Henusl — 10 %,
JoJraHel-Hrasacassl — 15 % (p, , 5 <0.001).

Komb6mampoBansstii amrens O Gbi paccunTaH Ha OCHO-
BaHUM aHaJHM3a MyTaluid B komoHax 52 (rs5030737, A/D),
54 (rs1800450, A/B) u 57 (rs1800451, A/C). Kak yka3aHo
BBIIIIE, AJUIENH, CONEpIKAIINe MyTallii B KOJOHAaX 52, 54 u
57, o6o3nauensl kak D, B u C COOTBETCTBEHHO, B OTJIMYHE OT
qukoro ajuiesst A. Myraru D, B u C Obuti 3akoaupOBaHbl U
o6o3HageHsr O. YacToTa KOMOMHIPOBAHHOTO PEIKOTO alljie-
151 O, OH COPMHPOBAH U3 KOTUPYIOUIHX ydacTkoB 155030737,

Dolgans- Mixed Arctic Russians (4),

Nganasans (2), population (3), n=300

n=110 n=210
32(029) ............................ 71(034) .......................... 54(018) ......................
61(055) .......................... 103(049) ........................ 134(045) ......................
17(015) ............................ 36(017) ........................ ”2(037) ......................
0172 ............................... 0 8 96 ............................... 0 2 12 .............................
...... 3(003)4(002)”(004)
33(030) ............................ 4 7(022) ........................ 115(038) ......................
74(067) .......................... 159(076) ........................ 174(058) ......................
0765 ............................... 0 3 09 ............................... 0 1 23 .............................
85(077) .......................... 149(071) ........................ 2 10(070) ......................
22(020) ............................ 58(028) .......................... 8 3(028) ......................
...... 3(003)3(001)7(002)
0296 ............................... 0 316 ............................... 0 720 .............................
110(100) ........................ 2 01(096) ........................ 2 65(088) ......................
........ 0(000)9(004)32(0”)
........ 0(000)0(000)3(001)
P 0 751 ................................ 0 080 .............................
85(077) .......................... 164(078) ........................ 2 21(074) ......................
24(022) ............................ 35(017) .......................... 5 4(013) ......................
...... 1(001)”(005)25(008)
0624 ............................... 0 0 00027 ......................... O OOOO ...........................
85(077) .......................... 155(074) ........................ 189(063) ......................
24(022) ............................ 4 4(021) .......................... 8 2(027) ......................
...... 1(001)”(005)29(010)
0624 ............................... 0 0 02 ............................... 0 000043 .......................

rs1800450 u rs1800451, B TOMO3UTOTHOM COCTOSIHMH TaK»Ke
OblIa 3HAYUTENILHO BBIIIE B MOMYISIIMA PYCCKUX HOBOPOX-
JIeHHbIX: pycckue — 10 %, HeHnbr — 2 %, JonraHbI-HTaHaca-
Hbl — 1 % (py 5 5 <0.001).

Hamm gannesie o yacToTe ramioTuios reda MBL2 noxka-
3BIBAIOT, YTO YACTOTA BHICOKOMPOIYIHPYIOIIETO TaryIoTHITA
HYPA cocrasnsier 35.4 % y pyccKUX HOBOpPOXIeHHBIX Boc-
toyHoi Cubupu (tabm. 3). DT0O COOTBETCTBYET 4acTOTaM
eBporneiickux nomynsuii: Tommananu — 27 % (Bernig et al.,
2005), Jarmm — 30 % (Steffensen et al., 2000), Yexun — 33 %
(Skalnikova et al., 2004), a Takxe eBpornieon10B bpazmimu —
28-34 % (Boldt et al., 2006; Ferraroni et al., 2012). B To xe
BpeMs y HOBOPOXKJCHHBIX apKTHYECKHUX MOMYJSINN 4acTo-
Ta raroruna HYPA Oblia CTaTHCTUYECKH 3HAYMMO BEIIIIE,
4YeM y PYCCKHX, U cocTaBmia 64 % nist HeHnes u 56 % ams
JIONTaH-HI'aHACaH, YTO MPUONMKaeTCs K 3HAYCHHUSAM 4acTOT
pacnpoCTpaHEeHHUs, BBIABICHHBIX AN 3CKUMOCOB, — 81 %
(Madsen et al., 1995; Hegele et al., 1999) u ceBepoamepu-
KaHCKUX HHeHeB — 64 % (Best et al., 2004). OmHOBpEeMEHHO
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Table 3. MBL2 haplotype frequencies among newborns from different ethnic populations
of the Taymyr Dolgan-Nenets raion of the Krasnoyarsk oblast and of the city of Krasnoyarsk

Population MBL2 haplotype
HYPA LXPA LYQA LYPA LYPB LYQB HYPD LYPD
Nenets (1), n = 260 0.638 0.127 0.100 0.026 0.070 0.007 0.015 0
Dolgans-Nganasans (2),n=110 0.556 0.154 0.118 0.033 0.116 0 0 0
Mixed Arctic population (3),n =210 0.551 0.118 0.120 0.044 0.100 0.025 0.015 0
Russians (4), n =300 0.354 0.221 0.133 0.048 0.145 0.025 0.045 0.018
p P14 <0.001 p, ,=0022 Py.4=0.011
py4=0.001 p, ,=0018
P34 < 0.001
Note.Only p < 0.05 values are shown in the table; when calculating the p-value, corrections were made for multiple comparisons.
Table 4. The prevalence of MBL-deficient haplotypes among newborns from different ethnic populations
of the Taymyr Dolgan-Nenets raion of the Krasnoyarsk oblast and of the city of Krasnoyarsk, n (%)
MBL2 genotype Nenets (1), Dolgans- Mixed Arctic Russians, p
n =260 Nganasans (2), population (3), Krasnoyarsk (4),
n=110 n=210 n=300

Yy HOBOPOXXJICHHBIX POCCHHCKHX apKTHUYECKUX MOITYIISINI
3aKOHOMEPHO 3aperucTpupoBanbl HU3kue yactorsl MBL-ne-
¢umrrHOTO Tarmotwna LXPA (cm. Tabn. 3). Hanbomnpmme pas-
JIMYMS B YaCTOTaX YKA3aHHBIX I'AIUIOTHITOB OBUTH XapaKTepHbI
JUIA HeHeHKOﬂ nonyJjasauuun.

B Tabm1. 4 cymmupoBaHs! 1aHHbIe 0 yactotax MBL-nedn-
LUTHBIX TAIUIOTUIIOB B U3YYEHHBIX MOy IAIUAX. BoleneHst
MBL-nepunutaeie (YO/YO wm XA/YO), MBL-npomexy-
tounble (YA/YO nwmn XA/XA) n MBL-BBICOKOIKCIIPECCHPY-
tortue (YA/YA v XA/YA) rarmoTuis.

Ilonynauuu HEHUEB U AOJATAH-HIaHACAH IEMOHCTPUPYIOT
CyIIecTBeHHO Oosree HU3KHE yacToTl MBL-nedunnuTHBIX ra-
IUTOTHIIOB B CPaBHEHHH C eBporieoniaMu Boctounoii Cubupu
(3.9, 6.4 1 21.3 % coorBercTBeHHO, p < 0.001). CmemanHas
apKTUYECKas TOMyJISIHs JEMOHCTPUPYET HPOMEXYTOTHOE
3HaueHue 4actotel — 9.1 %. Ha nmomynsaunoHHOM ypoBHE
KJIMHAYECKHE IOCIE/ICTBHS BPOXKJIECHHO BBICOKOW CIOCO0-
HOCTH MPOAYKITNH (HYHKIIMOHATHHO aKTUBHBIX hopm MBL y
MIPE/ICTaBUTENeH apPKTHUECKHUX TIOMYJISIIUI 3aKIII0YatoTCs B
HHU3KOM PUCKE TSDKEITbIX OaKTepHaIbHBIX HH(PEKLINI B paHHEM
BO3pAacTe U, BEPOSTHO, O0JIee BHICOKOM PUCKE TyOepKymesa B
CTapIeM BO3pacTe, YTo MPEANoIaraeTcsi MHOTUMH HCCIIEN0-
Barensimu (Eisen, Osthoff, 2014; Tong et al., 2019). Kpome
TOTO, HU3Kas 4aCTOTa aTePOCKIIEPO3a U KAPIHOBACKYIISPHBIX
3a00JICBaHUM CPeaN KOPEHHBIX JKUTENEH ApPKTUKH, Hapsiay
¢ TakuMU (haKTOpaMu, KaKk BBICOKOE ynoTpeOiieHne omera-3
KHUPHBIX KUCJIOT ¥ OCOOCHHOCTH CTHJIS KHU3HU, MOXKET OBITh
00yCIoBiIeHa ¥ TeHETHYECKUMH 0COOSHHOCTSAMHU ITPOTyKIINT

872

P14 < 0.001
Py_a = 0.005
P34 =0.002

u aktuBHocTd MBL. BeposTHOCTh Takoil CBSI3U MOKa3aHa B
nenom psige nyonukanuii (Hegele et al., 1999; Best et al.,
2004; Fumagalli et al., 2017; Monsey et al., 2019).

B HacrosmeM mccienoBaHUM HaMH BIIEPBBIC MOTYYEHBI
JTaHHBIE O YacTOTaX T€HOTHUIIOB U TarioTHNoB reHa MBL?2
Cpean KOPEHHBIX HapOAHOCTEH, NMPOKUBAIOLMINX HA TEPpPHU-
Topusix Apkrudeckoit 30HbI Poccuiickoit @enepanuu. Panee
HaMK ObUIA MMOKa3aHa OOJIbIIAS YaCcTOTa PACIPOCTPAHCHHO-
CTH F'€HOTHIIOB, aCCOIIMUPOBAHHBIX C BBICOKOH aKTHBHOCTHIO
L-¢ukonuna, B apKTHUECKUX NOMYJISIUSAX HEHIIEB U JIOJTaH-
HraHacaH, B CpaBHEHUH ¢ eBporieonamu Bocrounoit Cubu-
pu (Smolnikova et al., 2017). Takum o6pa3oM, MOMYISAIHA
KOPEHHBIX HapO/I0B APKTHKH T€HETHIECKHU XapaKTePH3yIOTCSI
OoIbILIeH aKTHBHOCTHIO KAK MUHUMYM JIBYX Pa3IMYaIOINXCsI
KOMITOHEHTOB JIEKTHHOBOTO ITyTH aKTUBALIUH KOMIIJIEMEHTa —
MBL u L-¢ukonna. OnpeneneHHOe IPEUMyIECTBO HAILIETO
MoJXoJa K MOMYJIALMOHHON OLIEHKE paclpOCTPaHEHHOCTU
MBL- u L-puKkonawH reHOTHIIOB COCTOUT B MCCIEIOBAHUU
MOMYJISIIIMH HOBOPOYK/ICHHBIX, KOT/IA eIlle He MTPOM30IILIO Be-
pOsITHOE BHIOBIBAaHHME HEONATONPHUSTHBIX TEHETHYECKUX Ba-
pHaryii, BO3MOJKHOE B OoJiee CTapiieM BO3pacTe.

B Hacrosiiee Bpemst CyIIECTBYIOT JIB€ KOHKYPHPYIOIINE
THIIOTE3bI, IBITAIONIMECs] O0BSICHUTH BHICOKMH YPOBEHb IO-
MyIAIAOHHOTO Pa3HOOOpasns TeHOTUNIOB MBL2 ¢ BEICOKUM
HaxoruieHneM MBL-nedunmtabix BapuanTos (Eisen, Osthoff,
2014).

IepBast 3 HUX HpenNONAracT NPOTEKTUBHYIO PONb HU3-
KOIIPOLyIMPYIOMINX TCHOTHIIOB B OTHOLICHUH HEKOTOPBIX
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BHYTPHKJIETOUHBIX BO30yIUTElIeH: TyOepKyJie3a 1 JIerpbl (Mu-
KOOaKTepHH), BUCIIEPATBHOTO JIeHIManno3a (poJ BHYTPH-
KJICTOUHBIX 1apa3nuToB Leishmania), aTAIMYHON THEBMOHUH
(BHyTpUKIETOUHBIE OakTepun Mycoplasma pneumoniae,
Chlamydophila pneumoniae, Legionella pneumophila, Coxi-
ella burnetii). BiepBble npeAnonoXeHne o poJiv IO3UTHBHOMN
CEJISKIIMY B HAKOTJICHUH HU3KOIIPOLYIUPYIOIINX I€HOTHIIOB
BbIcka3aHo P. Garred u ero corpynaukamu B 1994 r. OHn
YCTQHOBHWIJIM, YTO Y MAIMEHTOB C JIENpoil (Bo3OyanTensb My-
cobacterium leprae) ypoBenb MBL B CbIBOpOTKE KpOBH OBLI
BBIIIIE, Y€M Y 3I0POBBIX TOHOPOB TOi1 ske momysiinu (Garred
et al., 1994). B 1999 r. E.G. Hoal-Van Helden ¢ xomreramu
[0Ka3aJii NPOTEKTUBHYO poiib MBL-HU3K0onpoaynupytoie-
ro ajtens B mommmopduoro yaacTka rs1800450 rena MBL B
oTHoIIEeHUN TyOepkyie3noro mennnrura (Hoal-Van Helden
et al., 1999). IocienHue mpoBeCHHBIC METaaHAIN3bI TAKKE
MOATBEPKIAIOT poib monumopdmusma MBL2 nipu popmu-
poBanuu TyOepkyine3Hoil unpekun (Areeshi et al., 2016;
Cao et al., 2018; Tong et al., 2019). B 2001 r. I.K. Santos
C COTpyOHMKaMu Nokazanu, 4yro MBL-Hu3konponyuupyto-
muii BapuaHTHbIA reHotun OO BeTpedancs pexke y MalnueH-
TOB C BHCIICpaJIbHBIM Jiciimmanro3oM (Santos et al., 2001).
B nanpuelimem 3Tu JaHHbIE OBUTH HMOATBEPXKICHBI: PHCK
BHCIIEPAIBHOTO JICHIIMAHN03a OBbUT 3HAYUTEIHHO TTOBBIIICH
y JINI C TEHETHYECKMMHU BapUaHTaMHU, aCCOLIMUPOBAHHBIMU C
BbIcOKO# mpoxaykiueit MBL (Alonso et al., 2007). Hakoner,
HeJlaBHEE MPOCIIEKTUBHOE MCCIIEJIOBAHNE JTATCKOM KOTOPTHI
MAIMEHTOB ¢ BHEOOJIBHUYHOM MHeBMOHHUEH (n = 505) moka-
3a710 OOJIBLIYIO MPEAPACIONIOKEHHOCTD JIUI] C TEHETUYECKOH
JIETEPMHHUPOBAHHOM BBICOKOI IPOTYKIHMEi OCHOBHBIX (pak-
TOPOB JIEKTUHOBOI'O IyTH akTupauuu komiuiementa MBL u
L-¢ukonuHa K BHYTPHUKJIETOUYHBIM PECTIMPATOPHBIM HH(EK-
wsm: Mycoplasma pneumoniae, Chlamydophila pneumoniae,
Legionella pneumophila, Coxiella burnetii (Van Kempen et
al., 2017). BonpImmMHCTBO HccenoBaTeNeii CANTAIOT, YTO BBI-
COKHI ypOBEHb JIEKTHH-OMOCPEAOBAHHOTO (haroruro3a Mo-
JKET IpeJipacrioiararh K 6oJiee ycremHoMy IPOHUKHOBEHHUIO
BHYTPUKJIETOUHBIX BO3OYIUTENEH B IIUTOILUIA3MY KJIETOK XO-
35MHA, SKPaHUPOBAHUIO TTATOTEHOB OT ()aKTOPOB a/IAIITHBHOTO
MMMYHHUTETA U, CJIe/I0BATEIbHO, OOJIbIIEMY PHCKY (opMHpO-
BaHMS aKTUBHOTO MH()EKIIMOHHOTO TIpoIiecca.

Kpowme Toro, B psine padbot nokaszano, uro MBL-nedumur
MOXXET OBITh MPOTEKTHBHBIM (PAaKTOPOM B OTHOLICHHH are-
POCKIIEpO3a U aCCOIMUPOBAHHBIX KAPIHMOBACKYISIPHBIX 3a-
oonesanmit (Hegele et al., 1999; Best et al., 2004; Fumagalli
et al., 2017; Monsey et al., 2019). CekBeHupOBaHHE T€HOMA
102 xuteneit CIA, nmpeacraBuTeneil 4eThIpeX OCHOBHBIX
STHUYECKHUX TPYIIII, TOKA3aJI0 HAJINYNE IPU3HAKOB CEIEKTHB-
HOTrO 0TOOpa B CTOPOHY OOJIBIIETO HAKOILICHHS T€TEPO3UTOT
rera MBL2 (Bernig et al., 2004).

Wmerommecst K HAacTOSIIEMY BPEMEHH (aKTHUECKUE JIaH-
HBIE TTO3BOJISIIOT TOBOPHUTH O «JIBOMHOII marodusnoiornye-
CKOI1» pOJIN JIGKTHUHOBOTO ITyTH AKTUBAlMU KOMIIJIEMEHTA:
MPOTEKTUBHOMN — B OTHOILICHHN BHEKJICTOYHBIX BO30yAMTEIEH,
O0COOEHHO y JIeTel paHHEero Bo3pacra, U NPOBOKATHBHOW —
B OTHOIIIEHUH HEKOTOPBIX BHYTPUKIJIETOYHBIX BO30yqUTENIEH 1
arepockiieposa. [1omynsoHHO-TeHeTHYECKUE TTOCIESICTBUS
TaKOM «IABOMHOI» POJIM MOT'YT JIEXKATh B OCHOBE 3THUYECKO-
TO pa3HO00pa3nsl COOTBETCTBYIOIINX FE€HOTHUIIOB, YTO MPE-
CTaBJIsIET COOOM CyTh NIEPBOI YIOMSIHYTOH HAMU THIOTE3HI,
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OCHOBAHHOW Ha MPEINOJOKECHUHU CEICKIHOHHONW BBITOJbI
MBL-nedwummra st Hexkotopsix nomyisinuit (Seyfarth et al.,
2005; Eisen, Osthoff, 2014). B pycne yka3aHHOH THUIIOTE3bI
OBUIO BBICKA3aHO IPE/IONIOKEHNE, OOBSCHSIIONIEe HU3KYIO
gactotry MBL-nedurmra cpenn apkTHIeCKUX HAPOTHOCTEH
M TEHETHYECKH OJIM3KMX K HUM KOPEHHBIX CEBEpoaMepH-
KaHCKMX MHAeWneB. [IpuHATO cyuTarh, 4TO 3TH MOMYJISLUH
HCTOPUYECKH M03KE BCTPETHIIHNCH C TyOEPKYI€30M U JISTIPOH,
HE CTAJIKWBAINCH C BO3OYIUTEISIMH JICHIIIMAaHHO3a M PEXKE
MMeJIH KJIacCHYecKue (hakTopbl PUCKa aTepocKiIeposa: aua-
0eT, TUTEPINITHAEMHIO, a TAKXKE, BO3MOXKHO, XPOHHUUECKOE
nndumposaune Chlamydophila pneumoniae (Hegele et al.,
1999; Best et al., 2004; Monsey et al., 2019). CnenoBareibHo,
MMEHHO B 3TUX MOIMYISANHUAX HE MPOUCXOIWIIA XapaKTepHasi,
COIJIACHO 3TOH THITOTE3¢, TO3UTHBHAS cenekuns MBL-nedu-
LUTHBIX TEHOTHIIOB.

Bropas runoresa OTpHIACT HAIMYUE CEIEKIIHOHHOTO Ja-
BJICHUS B OTHOIICHUU MBL2 TeHOTHIIOB, OOBSCHSS TCHETH-
YeCKOe pazHoO0Opa3ue MCKIIOYUTEIbHO MUIPALUOHHBIMU
TpoIieccaMu U TeHeTHIecKuM apeiidom. Tak, nccrenoBanne
1116 MHANBUIOB N3 PA3IMYHBIX reorpa(uuecknx pernoHOB
HE BBISIBUJIO CTATUCTUYECKHUX IIPU3HAKOB CEJIEKTUBHOTO OTOO-
pa(Verdu et al., 2006). Taxwue e pe3yTbTaThl OBUTH IOy IESHBI
P CTaTHCTHYECKOIT 00paboTKe TAHHBIX Pa3JIMIHbIX ITOITYIIsI-
1 bpasunuu u cpaBHUTENIEHOM U3y4YeHUH sxuTenei ['abona
u EBponsr (Boldt et al., 2006, 2010). MccnenoBanue MBL?2
nonmmopdusma y nereit MozamOnka mokasano OTCyTCTBHE
CTaTUCTUYECKHUX MPHU3HAKOB ITO3UTHBHOW MM OaslaHCHPY-
formeit cenexnuu (Valles et al., 2009). Bipouem, HekoTOpbIe
ABTOPBI JICNAIOT NP OOCYKIAECHUH COOCTBEHHBIX pPE3yIIbTa-
TOB OTOBOPKY: «B03MOXKHO, CTOXaCTHYECKHE SBOJIIOLIUOH-
HbIE (DAKTOPBI CTEPIIH OOJBIIYIO YACTh IPEBHETO OTIIEYaTKa,
OCTaBJICHHOTO €CTECTBEHHBIM CEJICKIIMOHHBIM OTOOPOM; JIIISt
MO/ITBEPIKJICHUS JAHHBIX TPEOYIOTCSI CTaTHCTHUYECKH Ooliee
MOIITHBIE MCCIIEOBAHMSI C BKIIOUECHHEM OOJBIIEro 4ucia
nomynsiuid» (Boldt et al., 2006).

3aknioyeHune

Taknm 006pa3om, IO pe3ysbTaTaM HaCTOSIIETO UCCIIET0BAHMS
HaMU 1oKaszaHa 0oJibInast yacrora BcrpeyaeMoctd MBL-BbI-
COKOIPOYIUPYIOIINX TeHETHYECKNX BapHALIUi B OMYJISIIIN-
SIX KOPEHHBIX apKTUYECKUX HApOIHOCTEH, IPOKNBAIONINX B
Taitmbipckom [lonrano-Henenkom paiione KpacHosipckoro
Kpas. PaccmarpuBasi mpeicTaBlIeHHBIE JaHHBIE B COBOKYII-
HOCTH C paHee OIyOJIMKOBaHHBIMU PE3yJIbTaTaMH ITOJIMMOp-
¢u3ma rena L-¢puxonuna B Tex sxe nonyssinusx (Smolnikova
et al., 2017), MOXXHO TOBOPHUTH HE TOIBKO O HAKOTUICHUH OT-
JIeNbHBIX TeHOTUNOoB MBL2 n FCN2 B apKTUYECKHX MOITYJsI-
LUSIX, HO U O OOJIBILIEM TOHYCE JISKTHHOBOT'O ITyTH aKTUBALIUH
KOMIIJIEMEHTA B II€JOM. YKa3aHHbIE (DaKThl O3BOJSIIOT HAM
OCTOPOKHO BBICKA3aThCs O THITOTE3€ CEIIEKTHBHOTO MOITYIIs-
LIMOHHOTO JIaBJICHUS B OTHOILICHUH JIEKTUHOBOT'O Iy TH aKTH-
BaIlMM KOMIUIEMEHTA KaK OOIIEro Mmaro(u3noIorHIecKoro
MEeXaHM3Ma, ornocpeaoBaHHoro renamu MBL2 u FCN2, wu,
BEPOSITHO, ACCOLIMUPOBAHHOTO C MPEAPACIIONIOKEHHOCTBIO K
HEKOTOPHIM HH(MEKIHIM. MBI cunTaeM, YTO H30INPOBAHHBIE
APKTHYECKHE MOMYIISIIMY HCTOPUYECKH TTO3KE CTOIKHYINCH
C HEKOTOPBIMHU BHY TPHKJICTOYHBIMU HH(EKIUSIMHU (MUKOOAK-
TepusiMu, Bo3MoxkHo Chlamydophila pneumoniae) n Bcnen-
CTBHE 3TOTO COXPaHWIN c(hOPMUPOBAHHYIO HA PAHHHX TaNax
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9BOJIIOIIMM YEJIOBEKa BBICOKYIO aKTHMBHOCTH JEKTHHOBOTO
MyTH aKTHBAIlNM KOMIUIEMEHTa. be3ycinoBHO, 3Ta runoTesa
TpeOyeT JAOTOTHUTENBHOM Bepr(UKaNU B CIIEUAIBHO Op-
raHW30BaHHBIX MCCJIECJOBAHMIX OOJIBLICH CTAaTUCTHYECKOM
MOIIIHOCTH € UCIIOIb30BAHUEM BCETO apceHasla METOI0B TO-
MYJSIIMOHHON TeHETHKH.
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The GWAS-MAP platform for aggregation of results
of genome-wide association studies and the GWAS-MAP|homo
database of 70 billion genetic associations of human traits

T.I Shashkoval, D.D. Gorev!, E.D. Pakhomov! 2, A.S. Shadrinal, S.Zh. Sharapov!, Y.A. Tsepilov!,
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Abstract. Hundreds of genome-wide association studies (GWAS) of human traits are performed each year. The
results of GWAS are often published in the form of summary statistics. Information from summary statistics can
be used for multiple purposes - from fundamental research in biology and genetics to the search for potential
biomarkers and therapeutic targets. While the amount of GWAS summary statistics collected by the scientific com-
munity is rapidly increasing, the use of this data is limited by the lack of generally accepted standards. In particular,
the researchers who would like to use GWAS summary statistics in their studies have to become aware that the data
are scattered across multiple websites, are presented in a variety of formats, and, often, were not quality controlled.
Moreover, each available summary statistics analysis tools will ask for data to be presented in their own internal
format. To address these issues, we developed GWAS-MAP, a high-throughput platform for aggregating, storing,
analyzing, visualizing and providing access to a database of big data that result from region- and genome-wide
association studies. The database currently contains information on more than 70 billion associations between
genetic variants and human diseases, quantitative traits, and “omics” traits. The GWAS-MAP platform and database
can be used for studying the etiology of human diseases, building predictive risk models and finding potential bio-
markers and therapeutic interventions. In order to demonstrate a typical application of the platform as an approach
for extracting new biological knowledge and establishing mechanistic hypotheses, we analyzed varicose veins, a
disease affecting on average every third adult in Russia. The results of analysis confirmed known epidemiologic as-
sociations for this disease and led us to propose a hypothesis that increased levels of MICB and CD209 proteins in
human plasma may increase susceptibility to varicose veins.

Key words: database; genome-wide association studies; quantitative genetics; varicose veins; GWAS-MAP.
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ITnardpopma GWAS-MAP 11 arperaiium pe3yjiabTaTOB
IIOJIHOT€HOMHBIX VMCC/IeJOBaHNI accolalnini

11 6a3a maHHbIX GWAS-MAPhomo 70 MuannapaoB
reHeTU4YeCKIX aCcCoIMalnil IIPM3HAKOB YeloBeKa

T.J. lllamkoBal, A.A. Topesl, E.A. IMaxomos! 2, A.C. Illappunal, CK. Illapanos!, 1.A. Llermaosl,
AK. Kapccen?, 10.C. Ayabuenxo! @

! HoBocnbrpcKnit HauMoHanbHbIN NCCNeAoBaTeNbCKNIA FOCYAaPCTBEHHbI YHMBepcuTeT, HoBocnbrpck, Poccua
2 PolyKnomics BV, XepToreH6oc, HupepnaHabl
® e-mail: y.aulchenko@nsu.ru

AHHOTaLuA. EXerofHo NpoBoAATCA COTHU NMOMIHOTEHOMHbIX CCNeAoBaHM accoumaLnnii (genome-wide association
studies, GWAS) uenoBeueckux npusHakoB. Pe3ynbratbl GWAS yacto ny6nukytot B Gopme CBOAHbIX CTaTUCTUK. UH-
dopmaLmio 13 CBOAHBIX CTAaTUCTVK MOXKHO MCMOMb30BaTh 418 PeLleHnsA pa3inyHbIX 3af4ay — OT pyHAaMEHTaNIbHbIX
nccnefoBaHni B 06nacTy 6MoNorum U reHeTUKM Lo MoVCKa NOTeHLMaNbHbIX 6lOMapKepoB 1 MULLIEHel TepaneBTy-
4eckoro Bo3aencTamA. KonnyectBo cobpaHHbIX Hay4YHbIM COOBLLECTBOM CBOAHbIX CTaTUCTMK GWAS 6bICTpO pacTerT,
O[JHaKO MCMOoJb30BaHMe AaHHbIX 3aTPYAHEHO 13-3a OTCYTCTBUA OOLLENPUHATBIX CTaHAAPTOB. B yacTHoCTH, uccne-
foBaTeny, KoTopble XoTenun 6bl NPUMEHNTL CBoAHble cTaTcTUKN GWAS B cBOel paboTe, CTafIKMBAIOTCA C TEM, UTO
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Mnatdopma GWAS-MAP 1 6a3a filaHHbix GWAS-MAP|homo
reHeTMYeCKMX accoumaLnini MpU3HaKoB YenoBeKa

JaHHble pa3bpocaHbl MO HECKONbKMM Beb-caiiTam, NpefcTaBneHbl B pasNYHbIX dopmaTax, Hepeako 6e3 KOHTpo-
nA KavecTBa. bonee TOro, Kax bl AOCTYMNHbIA NHCTPYMEHT aHann3a CBOAHbIX CTaTUCTVK 3anpalunBaeT faHHble B
CcBOEeM COBCTBEHHOM BHyTpeHHem ¢opmate. [1na pelieHna 3Tmx npobaem Mol pa3paboTanm BbICOKONPOW3BOAU-
TenbHylo nnatdopmy GWAS-MAP gns arperauyuu, XpaHeHus, aHanu3a, B3yanusauny n goctyna K 6ase gaHHbIX
pe3ynbTaToB MNOIHOFEHOMHbIX U PErMOHasbHbIX MCCIefoBaHNIA accolymaumii. B HacToAwmil MOMEHT Ha nnatdopme
copepxutca uHpopmauusa o bonee yem 70 MUINMapAax accoumaLMini MeXay BapnaHTaMmm reHOMHOWM NociefoBa-
TENIbHOCTY 1 60NE3HAMU, KONIMYECTBEHHBIMU U «OMUKCHBIMW» NMPU3HaKaMu YenoBeka. Mnatdopma v 6a3a gaHHbIX
MOTYT MCMOJIb30BaTbCA ANA U3YYEeHWA STMONOrM 3aboneBaHnii YenoBeKa, pa3paboTkn NpeanKTMBHbIX Moaenen
PUCKa, a TakKe /1A NoMcKa NoTeHLManbHbIX 61IOMapKepoB 1 TepaneBTUYECKMX BO3AENCTBUIA. [TpumeHeHWe nnaTt-
bOpMbl Kak MHCTPYMEHTa ANA N3BJIYEHNA HOBbIX G1ONOrMYECKUX 3HaHU 1 GOPMYNIMPOBKI FMNOTE3 O MEXaHW3-
MaX reHeTUYECKOro KOHTPOA NMPOAEMOHCTPPOBAHO Ha MPUMepPe BapUKO3HON GONE3HN HUXKHUX KOHEUYHOCTEN,
3aboneBaHus, BCTPEYAIOLLErocs y Kax4oro TPeTbero B3pocsoro xutensa Poccun. PesynbraTbl NpoBeAeHHOMO aHa-
Nn3a NOATBEPANIN M3BECTHbIE SNMAEMMUONOTNYECKMEe accoumaLny ana JaHHOro 3aboneBaHnsA 1 NMO3BONWIN Bbl-
[BVHYTb rMNoTe3y 0 TOM, YTo ypoBeHb 6enkos MICB 1 CD209 B nfa3me KpoBYM YenoBeka MOXET BIUATb Ha PUCK
BAPVKO3HOrO paclUMpeHus BeH.

KnioueBble cnoBa: 6a3a AaHHbIX; NOJIHOFEHOMHOE UCCIEA0BaHVE acCoLMaLni; KONMYeCTBEHHasA reHeTKa; Bapu-
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KO3Has 60M1e3Hb HUXKHUX KoHevHocTen; GWAS-MAP.

Introduction

Genome-wide association studies (GWAS) are one of the
main approaches for identifying associations between genetic
variants and traits (Visscher et al., 2017). One of the most
important advantages of this approach is that it is agnostic
to the molecular mechanisms or biochemical nature of the
traits or diseases under study, thus allowing fundamentally
new knowledge to be obtained. Based on the functions of the
genes mapped by a GWAS, researchers aim to discover new
molecular mechanisms underlying the development of traits
and pathologies under consideration.

GWAS are performed on large samples of genotyped and
phenotyped individuals to identify statistically significant as-
sociations between single-nucleotide polymorphisms (SNPs)
and traits (Bush, Moore, 2012). SNPs are located relatively
homogeneously and with sufficient density, consequently,
functional variants occurring at high frequency in the popu-
lation are detected with a high probability, either because
the causative allele is being tested directly or because it is
in linkage disequilibrium with genotyped markers. A special
case of GWAS is a regional genetic study of associations or
a region-wide association study (RWAS), where the analysis
is applied to SNPs in a particular region instead of the whole
genome. RWAS is used, for example, to find cis-SNPs associ-
ated with the expression of a certain gene (GTEx Consortium
etal., 2017).

The GWAS approach has become very popular over the
past decade. Since 2007 the number of GWAS has increased
exponentially and hundreds of original genome-wide studies
are published every year. The earliest GWAS addressed the
associations between a single trait and several hundreds of
thousands SNPs, using samples of several hundreds or thou-
sands individuals ( Klein, 2005; International Schizophrenia
Consortium et al., 2009).

Currently, both the number of analyzed traits and the ge-
nomic coverage of GWAS have increased by many orders of
magnitude (Timmers et al., 2019). This has become possible
due to the advent of new sequencing and genotyping technolo-
gies and the improvement of existing ones, as well as other
methods for studying biological objects, leading to an increase
in the resolution of sequencing, genotyping and phenotyping.
Modern GWAS normally assess associations with millions of

SNPs and in some cases the sample size exceeds one million
people (Timmers et al., 2019). The number of phenotypes
studied can go to hundreds (Demirkan et al., 2012; Shen et al.,
2017), thousands (Sun et al., 2018) and even tens of thousands
(GTEx Consortium et al., 2017), e. g. for “-omics” traits. The
same trait is analyzed in multiple studies, often with progres-
sively increasing sample sizes, as well as in new populations,
offering increased power and generalizability.

The direct results of GWAS/RWAS consist of files with
summary statistics. These files can include up to ten of mil-
lions rows, where each row contains information about the
association between a given SNP and the investigated trait.
Taking into account the number of GWAS studies and the size
of the files with results, GWAS results qualify as Big Data
(Wu et al., 2013; Fabregat-Traver et al., 2014). Importantly,
not only does this body of data grow, but so do the rates of
data acquisition.

GWAS results can be used to address a large number of
problems ranging from fundamental biology and genetics to
the search for biomarkers and targets for therapeutic interven-
tions. Currently, a range of methods has been developed that
implement the solution of these problems based on summary
statistics data.

In particular, methods have been developed to define sets of
SNPs that are most likely to contain the true functional variant
at loci suggested by GWAS (Kichaev et al., 2014; Benner et
al., 2016; Schaid et al., 2018). For example, this problem is
addressed by the PAINOR (Kichaev et al., 2014) software
and the conditional and joint analysis as implemented in the
GCTA tool (Yang et al., 2011).

Also, identification of causal genes influencing a trait of in-
terest is possible through the use of summary statistics (Giam-
bartolomei et al., 2014; Zhu et al., 2016; Momozawa et al.,
2018). By regulating the expression of those genes or by
manipulating their products through the use of, for example,
pharmacological interventions, the trait of interest can be
addressed in a targeted manner. Several instruments imple-
ment these methods, for example, the SMR (Summary-level
Mendelian Randomization) tool (Zhu et al., 2016). The same
methods can often be used to study pleiotropic effects (Klari¢
et al., 2020; Shadrina et al., 2020). The results of studies of
pleiotropy can be used for drug repositioning, for predicting
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possible side effects of gene editing, and for prediction of
possible side effects of pharmacological manipulation of the
products of these genes.

Over the past decade, the number of studies using Men-
delian randomization methods has increased substantially,
providing important new information about disease etiology
(Elgaeva et al., 2019). Mendelian randomization methods
combined with the use of summary statistics and multiple
instrumental variables (Hemani et al., 2016; O’Connor, Price,
2018) can help to reconstruct the theoretical hierarchy of cause
and effect relationships between traits and, in practice, have
the potential to be used for the identification of traits that can
be targeted by therapeutic interventions.

Methods for studying genetic correlations (Bulik-Sullivan et
al., 2015; Speed, Balding, 2019) can be particularly useful in
addressing fundamental questions related to the genetic archi-
tecture of complex traits. One of these methods is implemented
in a popular LDsr (Linkage Disequilibrium score regression)
python package (Bulik-Sullivan et al., 2015).

Finally, summary statistics from GWAS can be used in
methods to develop models for the prediction of quantitative
traits and disease risks for a given individual or group (Mak
et al., 2017; Choi, O’Reilly, 2019; Lloyd-Jones et al., 2019).
The simplest of these models use effects of the most significant
independent SNPs (Evans et al., 2009). If a GWAS involves
a large number of cases and controls, powerful predictors
can be developed for some traits even with simple models,
breast cancer being a well-known example (Mavaddat et al.,
2019). Methods allowing the researcher to manage informa-
tion about millions of SNPs and whole-genome LD structure
while developing a prediction model have recently become
popular (Vilhjalmsson et al., 2015). Such models were used
for predicting the risk of ischemic heart disease (Khera et
al., 2018), type 2 diabetes (Khera et al., 2018), and obesity
(Khera et al., 2019).

Although the amount of GWAS results obtained by the
scientific community is constantly growing, as are the number
of methods for their analysis, they have currently found only
limited use. The problems researchers face when working
with these data are multiple. First, summary statistics files
from GWAS are large (more than tens of terabytes), and so
their storage and processing require dedicated infrastructure.
Secondly, data are produced by different laboratories using
different protocols, and consequently, quality control and a
harmonization procedure for storing such data in a common
format are required. Thirdly, the existing tools for analyses of
summary statistics data from GWAS are implemented using
different languages, hosted at different repositories and web-
sites and require custom input data formats. Finally, large-scale
adoption of these methods and data require user interfaces for
researchers without specialized bioinformatics skills.

The existing solutions are incomplete or partial. On the
one hand, resources such as GWAS Central (https:/www.
gwascentral.org) or GWAS Catalog (https://www.ebi.ac.uk/
gwas/) can do as much (that is, aggregate, store and provide
access to GWAS results), but originally they were intended
for handling “small data” (that is, the most statistically signi-
ficant associations), and so their architecture does not scale
well enough to handle big data and the requirements of new
methods for processing GWAS results. On the other hand,
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The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

most software applications (for example, SMR (Zhu et al.,
2016), GCTA (Yang et al., 2011), LDsr (Bulik-Sullivan et
al., 2015)) are intended for analyzing data rather than for
aggregating, storing or providing access to them. Finally,
the portals MR-Base (http://www.mrbase.org/) and LD Hub
(http://ldsc.broadinstitute.org/) can aggregate and store GWAS
results and allow the user to conduct specify types of analysis;
however, these portals do not offer anything for other methods
of analysis, and software solutions for data aggregation and
storage are not available.

To help address these issues, we developed the GWAS-
MAP platform for aggregating, storing, analyzing, visuali-
zing and providing access to big data obtained from GWAS.
The name GWAS-MAP means both a map between pheno-
types and genotypes, but is also an abbreviation of Multiple
Analyses Platform. Using GWAS-MAP we collected GWAS-
MAPhomo database of GWAS and RWAS results for human
traits. Currently, the database contains more than 70 billion
associations between SNPs and human traits. GWAS-MAP
provides an opportunity to carry out research that will con-
tribute to the search for new biomarkers that has a bearing on
the development of high-efficacy drugs and also reveal side
effects in existing drugs. We have performed a genetic analysis
of varicose veins to demonstrate how the platform works.

The GWAS-MAP platform

GWAS-MAP software architecture

The GWAS-MAP platform consists of two data processing
modules (one for integration and one for analysis of GWAS/
RWAS results) and a database (DB) module (see the Figure).

Data integration starts with the conversion of summary sta-
tistics files collected from various sources into a universal data
format. After conversion, we perform quality control (QC)
and if the summary statistics pass, they are uploaded to the
databases.

The DB module is the part responsible for setting up the
databases and tables structure required for the GWAS-MAP
platform. The DB module consists of two components, each
controlled by a separate open source database management
system (DBMS). One of the components is used to store the
GWAS summary statistics; for this component the ClickHouse
DBMS version 19.16.2. revision 54427 (https://clickhouse.
tech/) is used. A record in this system contains the parameters
of association between certain SNP and a trait. The other com-
ponent contains (1) meta-data that gives particular information
about the summary statistics collected from articles, study
web-sites or other sources, and (2) the results of analyses; for
this component the PostgreSQL DBMS version 10.6 (https://
www.postgresql.org/) is used.

With the analysis module a user can run various analyses on
the GWAS/RWAS summary statistics using the integrated ana-
lytical tools written in Python, which are accessible through
command-line utilities.

Integration and quality control of GWAS/RWAS results

The platform offers users the option to upload GWAS sum-
mary statistics files of their own original research. Because
these data were generated using different protocols, the result-
ing summary statistics files may appear in different formats.
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is provided in the text.

To address this, GWAS-MAP provides an integration module
converting summary statistics files to a common format and
performing QC on the data.

To ensure data consistency within the DB, information
about a SNP’s identifier, position in the genome, and alleles
and allele frequencies are compared with reference data. The
reference is a list of SNPs with their main characteristics:
the identifier (rsID), chromosome, position, alleles and allele
frequencies. At present, the reference is based on the 503 ge-
nomes of European-ancestry individuals from the “1000 Ge-
nomes” project phase 3 version 5 (The 1000 Genomes Project
Consortium et al., 2015).

In general, summary statistics contain all fields required
for unification in a universal format. If some fields are absent,
then the missing information is added from the reference (for
example, allele frequency) or calculated from the information
in the input file. For example, it is possible to recover the
standard error of the effect size based on the effect size and
p-value.

Before uploading GWAS/RWAS data to the DB, it is ab-
solutely necessary to have them passed through QC. QC is
indispensable not only for meta-analyses of GWAS/RWAS
results, but also for verifying separate studies, because seem-
ingly insignificant data errors may lead to heavily biased
results later on.

We have developed a QC module which spots outlying
SNPs (that is, those with characteristics other than expected)
and assesses the overall quality of the input data. More spe-
cifically, QC includes (1) a comparison of the frequencies of
alleles from the input data with those from the reference set,
a comparison of the p-values provided in the study and those
calculated from the Z-statistics (if present), (2) an analysis
of the distribution of estimates of the allele effect sizes,
(3) calculation of the trait variance and (4) genomic control
factor (A;.). SNPs whose characteristics depart by more than
a threshold value from those expected are labeled as outliers
and can be filtered out by the user. If the summary statistics
from GWAS have more than 5 % outliers, or the effect size

distribution is not symmetric, this data will be not recom-
mended for upload, although the final decision is up to a user.
We should notice that all current data in DB have passed the
above described criteria.

Analysis methods using GWAS/RWAS summary statistics
implemented in GWAS-MAP
GWAS-MAP incorporates several widely used methods for
the analysis of GWAS/RWAS summary statistics with special
emphasis on the identification of genes, molecules, traits and
functional SNPs that appear as potential targets of therapeutic
interventions. In particular, data processing can be carried out
using the following methods.

1. Linkage disequilibrium score regression is a method to as-
sess the heritability of a trait and to calculate genetic correla-
tions between two traits (Bulik-Sullivan et al., 2015). This
method was implemented in Python 2 by Bulik-Sullivan
and co-authors (2015). We have re-written it in Python 3
because it is the main programming language used for
GWAS-MAP and because Python 2 has been deprecated
since January 1, 2020. This also allowed us to optimize it
for working with our DBs.

2. Mendelian randomization methods — a set of tests that al-
low to infer causal relationships between two traits (Hemani
et al., 2016). Hemani and colleagues provided an open
source R package, which includes such methods. To this,
we added a module for reading summary statistics from the
GWAS-MAP DB in the required format.

3. Summary-level Mendelian randomization (SMR) and he-
terogeneity in dependent instruments (HEIDI) are the tests
to ascertain whether two different traits are associated with
the same locus (SMR) and whether this association can
be explained by the null hypothesis of pleiotropy or by
an alternative hypothesis that each trait is associated with
different SNPs in linkage disequilibrium (LD) (HEIDI)
(Zhu et al., 2016). We implemented the SMR-HEIDI tests
ourselves for the GWAS-MAP platform. The rationale be-
hind this was mainly that the SMR tool developed by Zhu
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Database content

The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

Domain Collection Number of sets Associations
of summary statistics (billions)
Complex traits UKB_NealeLab (Neale Lab, 2018), 2475 25.5
UKB_GeneAtlas (Canela-Xandri et al., 2018),
CVD (Schunkert et al., 2011; Nikpay et al., 2015;
Howson et al., 2017), and others
Metabolomics (mQTL) Metabolomics (Kettunen et al., 2016), 127 1.3
GLGC (Willer et al., 2013)
Proteomics (pQTL) Somalogic_2017 (Suhre et al., 2017), 4489 335
Somalogic_2018 (Sun et al,, 2018),
OLINK (Folkersen et al., 2017)
Glycomics (glyQTL) Plasma_Glycome (Sharapov et al., 2019), 190 1.1
Glycomics_ IgG (Klari¢ et al., 2020)
Transcriptomics (eQTL) GTEx_v7 (GTEx Consortium et al., 2017), 1137406 7.9
blood_eQTL (Westra et al., 2013),
CEDAR (Momozawa et al., 2018)
Total: 70

Note. List of collections in the DB, the domains to which they have been assigned and the corresponding numbers of GWAS/RWAS and SNP summary statistics.
Domains: complex traits, mQTL (metabolite levels), pQTL (protein levels), glycomics (glycan levels), and eQTL (gene expression data). UKB, UK Biobank; CVD,
cardiovascular diseases; GLGC, Global Lipids Genetics Consortium; IgG, immunoglobulins G.

and colleagues (2016) specializes in testing pleiotropy be-
tween the level of gene expression (RWAS) and a complex
trait (GWAS), but not between two sets of GWAS results
summary statistics.

4. We also implemented the 6 metric defined by Momozawa
et al., which assesses the similarity between association
profiles using only summary statistics and is an alterna-
tive to the HEIDI test. This method is preferable when the
LD information of the population used in a GWAS is lack-
ing or unreliable (Momozawa et al., 2018). The 6 metric
as implemented in GWAS-MAP is based on the equations
provided in the article (Momozawa et al., 2018).

5. Finally, the GWAS-MAP platform implements several
standard methods for meta-analysis which can be applied to
a pool of GWAS results of the same trait in order to obtain
enhance power (Winkler et al., 2014). GWAS-MAP has a
module for checking the quality of the GWAS results to
be used in meta-analyses and a module for meta-analysis.
We have implemented two methods for meta-analysis:
inverse-variance weighting and Z-score (Evangelou, Ioan-
nidis, 2013).

GWAS-MAP|homo database content

To allow the researcher to filter GWAS/RWAS according to
certain criteria, the platform offers key information including
the publication data, reference set used for imputations, the
name/type of the DNA microarray (e.g. Metabochip, Affy-
metrix, [llumina SNP arrays) or whole-genome sequencing
used in each study. Currently, the DB contains more than
70 billion associations between SNPs and traits, collected from
7281 GWAS and more than a million RWAS (see the Table).
To give areader an idea of the context, such popular databases
as “GWAS central” (Beck et al., 2020) provides information
on 71 million of associations, while Phenoscanner (Staley et
al., 2016) — 65 billion.
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The GWAS and RWAS in the DBs are assigned to the fol-
lowing domains: complex traits (including diseases), metabo-
lites (mQTL), proteins (pQTL), glycans and gene expression
data. Additionally, the GWAS and RWAS results coming from
the same study are pooled in a collection. The presence of
GWAS traits from different domains enables the researcher
to conduct a comprehensive study of the trait of interest, to
identify ways of how the trait of interest is influenced by the
expression levels of genes, proteins and metabolites, and to
look for associations with other diseases or quantitative traits.

GWAS-MAP application:

a genetic analysis of varicose veins

Varicose veins (VV) is a widely prevalent disease affecting on
average every third adult in Russia (Zolotukhin et al., 2017).
The genetic basis of this pathology has long been poorly
studied. Shadrina and co-authors have performed the first
large-scale study of its genetic architecture using a range of
modern methods in bioinformatics as implemented in GWAS-
MAP (Shadrina et al., 2019).

The study used UK Biobank (http://www.ukbiobank.ac.uk/)
data on 408,455 individuals of European descent. GWAS
summary statistics of VV were retrieved from the open access
databases Gene ATLAS (Canela-Xandri et al., 2018) and the
Neale Lab website (Neale Lab, 2018). Shadrina and co-authors
identified 12 genetic loci associated with VV which account
for 13.4 % of the SNP-based heritability. A gene or a group
of genes most probably involved in VV pathogenesis was
prioritized for each locus. The SMR-HEIDI implementation
in GWAS-MAP was used as one of the prioritization methods.
With SMR-HEIDI, we searched for the genes for which the
expression levels are associated with SNPs affecting V'V risk
(cases of the so-called colocalization of associated loci). The
analysis relied on data from the eQTL (expression quantitative
trait loci) domain, namely data of 44 tissues in the GTEx v7
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(GTEx Consortium et al., 2017) and blood eQTL (Westra
et al., 2013) collections. Colocalization was demonstrated
for the following loci: rs3101725 (associated with the ex-
pression level of the long non-coding RNA LINC01184 in
9 tissues), rs2241173 (associated with the expression level
of the non-coding RNA 4C005152.3 in the lower extremity
skin) and rs2861819 (associated with expression levels of the
PPP3RI gene in blood). Because the functions of LINC01184
and 4C005152.3 are not yet known, we may only speculate
about the role of these RNAs in VV. As far as PPP3R] is
concerned, its association with VV appears to be more sound.
Its product is involved in the inflammatory response in the
vascular wall, stimulating the production of the chemokine
MCP-1 (Satonaka et al., 2004), which is consistent with the
modern view of the pathogenesis of chronic venous disease
(Lim, Davies, 2009; del Rio Sola et al., 2009). Additionally,
Smetanina and co-workers demonstrated enhanced PPP3R1
expression in VV specimens compared to unaffected veins
(Smetanina et al., 2018).

In addition to gene prioritization, SMR-HEIDI was used to
search for traits associated with VV-related functional variants.
The analysis involved 2219 traits, including various diseases,
levels of metabolites and proteins in blood, and revealed
32 traits associated with 6 loci. The traits can conventionally
be divided into three main groups: one associated with body
weight and the total metabolic rate; a second with blood test
results, and a last one with all others.

The GWAS-MAP platform was also used for the analysis
of genetic correlations between VV and 861 traits, the sum-
mary statistics of which were obtained by analyzing more than
10 thousand individuals. The analysis showed the presence
of common genetic variance between VV cases and 62 traits.
Some of these traits were already known from previous epide-
miological studies: overweight, standing and heavy physical
work, deep venous thrombosis, gonarthrosis, and pain in the
legs when walking. Other traits that, at the genetic level, cor-
relate with VV, such as intellect, memory, educational attain-
ment, or whole-body pain, have not previously been reported
as associated with VV.

Finally, Shadrina and co-workers used Mendelian rando-
mization for the analysis of causal relationships between vari-
ous traits and VV. Analysis results showed that the following
traits directly influence the risk for VV: height (irrespective of
weight), body weight; waist and hip circumferences, and the
blood levels of two proteins, MICB and CD209 (also known
as DC-SIGN). Curiously, the risk for VV increased with an
increase of both body fat and fat-free mass. Data on height as
a risk factor for VV are consistent with the Edinburgh Vein
Study results (Lee et al., 2003). MICB and CD209 participate
in the innate and the adaptive immune response. Because
presented work is the first to propose that these proteins have
roles in VV pathogenesis, we think it reasonable to repeat
the analysis with an independent dataset. If the Mendelian
randomization results are confirmed, these proteins can be re-
garded as promising candidates for further in vivo and in vitro
studies aimed at finding therapeutic targets.

GWAS-MAP benefits and future development
The GWAS-MAP platform offers a broad range of opportuni-
ties for comprehensive analysis of GWAS results. We expect
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that GWAS-MAP will be helpful both for bioinformatics
studies and as a reference source for medical researchers. For
example, given a trait of interest, it is possible to compute what
other traits it is genetically associated with, i.e., is controlled
by overlapping sets of genetic variants. More generally, not
only correlations between traits can be calculated, but also
all pairwise correlations between the traits in the DB. The
results can be used to cluster the traits and/or to build a net-
work connecting traits that have a shared genetic basis (see,
for example, Fig. 4 from Shadrina et al., 2019). Furthermore,
the Mendelian randomization methods implemented in the
platform will help to elucidate which of these associations
are causal. Thus, it is possible to build a directed graph for
interactions between traits. By considering a particular vertex,
for example, “disease”, it is possible to infer what metabolites,
glycans and/or proteins can be used as its biomarkers.

If a researcher’s interest lies with a locus or loci associ-
ated with a certain GWAS of interest, it is also interesting to
consider colocalization. With SMR-HEIDI and the 0 metric,
it is possible to understand with the expression of what genes
the GWAS loci are associated. Additionally, by analysis of
RWAS results for the genes of interest and GWAS results
in the domains for metabolites, proteins and/or glycans, it
is possible to infer what biological processes are associated
with changes in the expression of these genes. A large-scale
analysis of colocalization will help to build networks of as-
sociations between traits in the DB and genes. These networks
will be helpful in developing medications. Not only will they
show what genes can be targeted, but also what implications
and side effects of manipulations with the gene may entail.
However, it should be kept in mind that these analyses are
done in silico and therefore, and experimental validation is
absolutely required.

A large number of methods have already been implemented
in the platform — however, there are certainly more to come.
Our short-term plans include the addition of new analysis
methods: Depict (Pers et al., 2015), CoJo (Deng, Pan, 2018),
and SbayesR (Lloyd-Jones et al., 2019). We are planning to
develop a web-interface to allow external users to access our
DBs and perform analyses. Such a web-interface will guide
the user through the search for information about the asso-
ciation between a SNP and traits and will be convenient for
e. g. medical researchers. We continue adding new data to the
database and we are working on making GWAS-MAP useful
for human populations other than Europeans.

Conclusion
We have developed the GWAS-MAP platform for aggregating,
storing, analyzing, visualizing and providing access to sum-
mary statistics from GWAS and RWAS. Using the platform we
collected GWAS-MAP|homo DB which contains over 70 bil-
lion associations between SNPs and traits. The GWAS-MAP
user interface offers a universal workspace for operating on
public and private data, and allows for rapid implementation of
new analysis methods in the platform. The user communicates
with the platform through command-line utilities, allowing
him to upload data to the platform and run analyses.

The analysis of the genetic basis of varicose veins demon-
strates the power of the platform for generating new biological
hypotheses such as, for example, ours postulating a causal
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relationship between the levels of the proteins MICB and
CD209 in blood and the risk for this disease.

GWAS-MAP is a powerful platform for the analysis of
summary statistics from GWAS and RWAS, it is actively
used in research work and can be useful to a broad range of
scientists. The platform evolves continuously through constant
acquisition of more functionalities, and the DBs are updated
with the actual data from GWAS and RWAS.

References

Beck T., Shorter T., Brookes A.J. GWAS Central: a comprehensive re-
source for the discovery and comparison of genotype and pheno-
type data from genome-wide association studies. Nucleic Acids Res.
2020;8(48):D933-D940. DOI 10.1093/nar/gkz895.

Benner C., Spencer C.C.A., Havulinna A.S., Salomaa V., Ripatti S.,
Pirinen M. FINEMAP: efficient variable selection using summary
data from genome-wide association studies. Bioinformatics. 2016;
32(10):1493-1501. DOI 10.1093/bioinformatics/btw018.

Bulik-Sullivan B.K., Loh P.-R., Finucane H.K., Ripke S., Yang J.,
Schizophrenia Working Group of the Psychiatric Genomics Con-
sortium, Patterson N., Daly M.J., Price A.L., Neale B.M. LD Score
regression distinguishes confounding from polygenicity in genome-
wide association studies. Nat. Genet. 2015;47(3):291-295. DOI
10.1038/ng.3211.

Bush W.S., Moore J.H. Genome-wide association studies. PLoS Com-
put. Biol. 2012;8(12):1002822. DOI 10.1016/B978-0-12-809633-
8.20232-X.

Canela-Xandri O., Rawlik K., Tenesa A. An atlas of genetic asso-
ciations in UK Biobank. Nat. Genet. 2018;50(11):1593-1599. DOI
10.1038/s41588-018-0248-z.

Choi S.W., O’Reilly P.F. PRSice-2: Polygenic Risk Score software
for biobank-scale data. GigaScience. 2019;8(7). DOI 10.1093/giga
science/giz082.

del Rio Sola L., Aceves M., Duefias A.I., Gonzalez-Fajardo J.A., Vaque-
ro C., Crespo M.S., Garcia-Rodriguez C. Varicose veins show en-
hanced chemokine expression. Eur. J. Vasc. Endovasc. Surg. 2009;
38(5):635-641. DOI 10.1016/j.€jvs.2009.07.021.

Demirkan A., van Duijn C.M., Ugocsai P., Isaacs A., Pramstaller P.P.,
Liebisch G., Wilson J.F., Johansson A., Rudan L., Aulchenko Y.S.,
Kirichenko A.V., ... Meitinger T., Hicks A.A., Hayward C., DIA-
GRAM Consortium, CARDIoGRAM Consortium, CHARGE Con-
sortium & EUROSPAN Consortium. Genome-wide association
study identifies novel loci associated with circulating phospho- and
sphingolipid concentrations. PLoS Genet. 2012;8(2):¢1002490. DOI
10.1371/journal.pgen.1002490.

Deng Y., Pan W. Improved use of small reference panels for condi-
tional and joint analysis with GWAS summary statistics. Genetics.
2018;209(2):401-408. DOI 10.1534/genetics.118.300813.

Elgaeva E.E., Tsepilov Y., Freidin M.B., Williams F.M.K., Aulchen-
ko Y., Suri P. ISSLS Prize in Clinical Science 2020. Examin-
ing causal effects of body mass index on back pain: a Mendelian
randomization study. Eur. Spine J. 2019;686-391. DOI 10.1007/
500586-019-06224-6.

Evangelou E., loannidis J.P.A. Meta-analysis methods for genome-
wide association studies and beyond. Nat. Rev. Genet. 2013;14(6):
379-389. DOI 10.1038/nrg3472.

Evans D.M., Visscher PM., Wray N.R. Harnessing the information
contained within genome-wide association studies to improve indi-
vidual prediction of complex disease risk. Hum. Mol. Genet. 2009;
18(18):3525-3531. DOI 10.1093/hmg/ddp295.

Fabregat-Traver D., Sharapov S.Z., Hayward C., Rudan 1., Camp-
bell H., Aulchenko Y., Bientinesi P. High-performance mixed models
based genome-wide association analysis with omicABEL software.
F1000Research. 2014;3:200. DOI 10.12688/f1000research.4867.1.

Folkersen L., Fauman E., Sabater-Lleal M., Strawbridge R.J., Fran-
berg M., Sennblad B., Baldassarre D., Veglia F., Humphries S.E.,

882

The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

Rauramaa R., de Faire U., Smit A.J., Giral P., Kurl S., Mannarino E.,
Enroth S., Johansson A., Enroth S.B., Gustafsson S., Lind L., Lind-
gren C., Morris A.P., Giedraitis V., Silveira A., Franco-Cerece-
da A., Tremoli E., Gyllensten U., Ingelsson E., Brunak S., Eriks-
son P., Ziemek D., Hamsten A., Milarstig A. Mapping of 79 loci
for 83 plasma protein biomarkers in cardiovascular disease. PLoS
Genet. 2017;13(4):¢1006706. DOI 10.1371/journal.pgen.1006706.

Giambartolomei C., Vukcevic D., Schadt E.E., Franke L., Hingo-
rani A.D., Wallace C., Plagnol V. Bayesian test for colocalisation
between pairs of genetic association studies using summary statis-
tics. PLoS Genet. 2014;10(5):e1004383. DOI 10.1371/journal.pgen.
1004383.

GTEx Consortium et al. Genetic effects on gene expression across
human tissues. Nature. 2017;550(7675):204-213. DOI 10.1038/
nature24277.

Hemani G., Zheng J., Wade K.H., Laurin C., Elsworth B., Burgess S.,
Bowden J., Langdon R., Tan V., Yarmolinsky J., Shihab H.A., Timp-
sonN., Evans D.M., Relton C., Martin R.M., Smith G.D., Gaunt T.R.,
Haycock P.C. MR-Base: a platform for systematic causal inference
across the phenome using billions of genetic associations. BioRxiv.
2016;18092. DOI 10.1101/078972.

Howson J.M.M., Barnes D.R., Ho WK., Young R., Paul D.S., Frei-
tag D.F., Sun B.B., Lin W.Y., Surendran P., Di Angelantonio E.,
Chowdhury R., ... Wang T.D., Rasheed A., Frossard P., Alam D.S.,
Majumder A.A.S. Fifteen new risk loci for coronary artery disease
highlight arterial-wall-specific mechanisms. Nat. Genet. 2017;
49(7):1113-1119. DOI 10.1038/ng.3874.

International Schizophrenia Consortium, Purcell S.M., Wray N.R.,
Stone J.L., Visscher P.M., O’Donovan M.C., Sullivan P.F., Sklar P.
Common polygenic variation contributes to risk of schizophre-
nia and bipolar disorder. Nature. 2009;460(7256):748-752. DOI
10.1038/nature08185.

Kettunen J., Demirkan A., Wiirtz P., Draisma H.H.M., Haller T., Ra-
wal R., Vaarhorst A., Kangas A.J., Lyytikdinen L.-P., Pirinen M.,
Pool R., ... Raitakari O., Salomaa V., Slagboom P.E., Waldenber-
ger M., Ripatti S., Ala-Korpela M. Genome-wide study for circu-
lating metabolites identifies 62 loci and reveals novel systemic ef-
fects of LPA. Nat. Commun. 2016;7:11122. DOI 10.1038/ncomms
11122.

Khera A. V., Chaffin M., Aragam K.G., Haas M.E., Roselli C., Choi S.H.,
Natarajan P., Lander E.S., Lubitz S.A., Ellinor P.T., Kathiresan S.
Genome-wide polygenic scores for common diseases identify indi-
viduals with risk equivalent to monogenic mutations. Nat. Genet.
2018;50(9):1219-1224. DOI 10.1038/s41588-018-0183-z.

Khera A.V., Chaffin M., Wade K.H., Zahid S., Brancale J., Xia R.,
Distefano M., Senol-Cosar O., Haas M.E., Bick A., Aragam K.G.,
Lander E.S., Smith G.D., Mason-Suares H., Fornage M., Lebo M.,
Timpson N.J., Kaplan L.M., Kathiresan S. Polygenic prediction of
weight and obesity trajectories from birth to adulthood. Cell. 2019;
177(3):587-596. DOI 10.1016/j.cell.2019.03.028.

Kichaev G., Yang W.-Y., Lindstrom S., Hormozdiari F., Eskin E.,
Price A.L., Kraft P.,, Pasaniuc B. Integrating functional data to priori-
tize causal variants in statistical fine-mapping studies. PLoS Genet.
2014;10(10):e1004722. DOI 10.1371/journal.pgen.1004722.

Klari¢ L., Tsepilov Y.A., Stanton C.M., Mangino M., Sikka T.T.,
Esko T., Pakhomov E., Salo P., Deelen J., McGurnaghan S.J., Ke-
ser T., ... Zoldos$ V., Vitart V., Spector T., Aulchenko Y.S., Lauc G.,
Hayward C. Glycosylation of immunoglobulin G is regulated by
a large network of genes pleiotropic with inflammatory diseases. Sci.
Adv. 2020;6(8):eaax0301. DOI 10.1126/sciadv.aax0301.

Klein R.J. Complement factor H polymorphism in age-related macu-
lar degeneration. Science. 2005;308(5720):385-389. DOI 10.1126/
science.1109557.

Lee A.J.,, Evans CJ., Allan P.L., Ruckley C.V., Fowkes F.G.R. Life-
style factors and the risk of varicose veins: Edinburgh Vein Study.
J. Clin. Epidemiol. 2003;56(2):171-179. DOI 10.1016/s0895-4356
(02)00518-8.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


http://paperpile.com/b/ZcU28M/AnXZ
http://paperpile.com/b/ZcU28M/AnXZ
http://paperpile.com/b/ZcU28M/AnXZ
http://paperpile.com/b/ZcU28M/AnXZ
http://dx.doi.org/10.1093/bioinformatics/btw018
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://dx.doi.org/10.1038/ng.3211
https://doi.org/10.1016/B978-0-12-809633-8.20232-X
https://doi.org/10.1016/B978-0-12-809633-8.20232-X
http://paperpile.com/b/ZcU28M/7Z8s8
http://paperpile.com/b/ZcU28M/7Z8s8
http://paperpile.com/b/ZcU28M/7Z8s8
http://paperpile.com/b/ZcU28M/7Z8s8
http://dx.doi.org/10.1038/s41588-018-0248-z
http://paperpile.com/b/ZcU28M/Zng49
http://paperpile.com/b/ZcU28M/Zng49
http://paperpile.com/b/ZcU28M/Zng49
http://paperpile.com/b/ZcU28M/Zng49
http://dx.doi.org/10.1093/gigascience/giz082
http://dx.doi.org/10.1093/gigascience/giz082
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://dx.doi.org/10.1016/j.ejvs.2009.07.021
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://dx.doi.org/10.1007/s00586-019-06224-6
http://dx.doi.org/10.1007/s00586-019-06224-6
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://dx.doi.org/10.1038/nrg3472
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://dx.doi.org/10.1093/hmg/ddp295
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://dx.doi.org/10.1371/journal.pgen.1006706
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://dx.doi.org/10.1371/journal.pgen.1004383
http://dx.doi.org/10.1371/journal.pgen.1004383
http://paperpile.com/b/ZcU28M/n6L1k
http://paperpile.com/b/ZcU28M/n6L1k
http://dx.doi.org/10.1038/nature24277
http://dx.doi.org/10.1038/nature24277
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://dx.doi.org/10.1038/nature08185
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://dx.doi.org/10.1038/ncomms11122
http://dx.doi.org/10.1038/ncomms11122
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://dx.doi.org/10.1038/s41588-018-0183-z
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://dx.doi.org/10.1016/j.cell.2019.03.028
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://dx.doi.org/10.1371/journal.pgen.1004722
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://dx.doi.org/10.1126/sciadv.aax0301
http://paperpile.com/b/ZcU28M/08w00
http://paperpile.com/b/ZcU28M/08w00
http://paperpile.com/b/ZcU28M/08w00
http://paperpile.com/b/ZcU28M/08w00
http://dx.doi.org/10.1126/science.1109557
http://dx.doi.org/10.1126/science.1109557
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://dx.doi.org/10.1016/s0895-4356(02)00518-8
http://dx.doi.org/10.1016/s0895-4356(02)00518-8

T.N. Wawkosa, A.4. lopes, E.[. NMaxomos ...
A.A. Llenunos, J1.K. Kapccen, 10.C. AynbyeHko

Lim C.S., Davies A.H. Pathogenesis of primary varicose veins. Br. J.
Surg. 2009;96(11):1231-1242. DOI 10.1002/bjs.6798.

Lloyd-Jones L.R., Zeng J., Sidorenko J., Yengo L., Moser G., Kem-
per K.E., Wang H., Zheng Z., Magi R., Esko T., Metspalu A.,
Wray N.R., Goddard M.E., Yang J., Visscher P.M. Improved poly-
genic prediction by Bayesian multiple regression on summary sta-
tistics. Nat. Commun. 2019;10(1):5086. DOI 10.1038/s41467-019-
12653-0.

Mak T.S.H., Porsch R.M., Choi S.W., Zhou X., Sham P.C. Polygenic
scores via penalized regression on summary statistics. Genet. Epide-
miol. 2017;41(6):469-480. DOI 10.1002/gepi.22050.

Mavaddat N., Michailidou K., Dennis J., Lush M., Fachal L., Lee A.,
Tyrer J.P.,, Chen T.H., Wang Q., Bolla M.K., Yang X., ... Anto-
niou A.C., Chatterjee N., Kraft P., Garcia-Closas M., Simard J.,
Easton D.F. Polygenic risk scores for prediction of breast cancer and
breast cancer subtypes. Am. J. Hum. Genet. 2019;104(1):21-34. DOI
10.1016/j.ajhg.2018.11.002.

Momozawa Y., Dmitrieva J., Théatre E., Deffontaine V., Rahmouni S.,
Charloteaux B., Crins F., Docampo E., Elansary M., Gori A.S., Ma-
riman R., ... Tremelling M., Wei Z., Winkelmann J., Zhang C.K.,
Zhao H., Zhang H. IBD risk loci are enriched in multigenic regula-
tory modules encompassing putative causative genes. Nat. Commun.
2018;9(1):2427. DOI 10.1038/s41467-018-04365-8.

Neale Lab. 2018. GWAS database available at http://www.nealelab.
is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-
337000-samples-in-the-uk-bioban.

Nikpay M., Goel A., Won H.-H., Hall L.M., Willenborg C., Kanoni S.,
Saleheen D., Kyriakou T., Nelson C.P., Hopewell J.C., Webb T.R., ...
McPherson R., Deloukas P., Schunkert H., Samani N.J., Farrall M.,
CARDIoGRAMplusC4D Consortium. A comprehensive 1,000 Ge-
nomes-based genome-wide association meta-analysis of coronary
artery disease. Nat. Genet. 2015;47(10):1121-1130. DOI 10.1038/
ng.3396.

O’Connor L.J., Price A.L. Distinguishing genetic correlation from
causation across 52 diseases and complex traits. Nat. Genet. 2018;
50(12):1728-1734. DOI 10.1038/s41588-018-0255-0.

Pers T.H., Karjalainen J.M., Chan Y., Westra H.-J., Wood A.R., Yang J.,
Lui J.C., Vedantam S., Gustafsson S., Esko T., Frayling T., Spe-
liotes E.K., GIANT Consortium, Boehnke M., Raychaudhuri S.,
Fehrmann R.S.N., Hirschhorn J.N., Franke L. Biological interpreta-
tion of genome-wide association studies using predicted gene func-
tions. Nat. Commun. 2015;6:5890. DOI 10.1038/ncomms6890.

Satonaka H., Suzuki E., Nishimatsu H., Oba S., Takeda R., Goto A.,
Omata M., Fujita T., Nagai R., Hirata Y. Calcineurin promotes the
expression of monocyte chemoattractant protein-1 in vascular myo-
cytes and mediates vascular inflammation. Circ. Res. 2004;94(5):
693-700. DOI 10.1161/01.RES.0000118250.67032.5E.

Schaid D.J., Chen W., Larson N.B. From genome-wide associations
to candidate causal variants by statistical fine-mapping. Nat. Rev.
Genet. 2018;19(8):491-504. DOI 10.1038/s41576-018-0016-z.

Schunkert H., Konig I.R., Kathiresan S., Reilly M.P., Assimes T.L.,
Holm H., Preuss M., Stewart A.F.R., Barbalic M., Gieger C., Ab-
sher D., ... Roberts R., Thorsteinsdottir U., O’Donnell C.J., McPher-
son R., Erdmann J., Samani N.J. Large-scale association analysis
identifies 13 new susceptibility loci for coronary artery disease. Nat.
Genet. 2011;43(4):333-338. DOI 10.1038/ng.784.

Shadrina A.S., Sharapov S.Z., Shashkova T.I., Tsepilov Y.A. Varicose
veins of lower extremities: insights from the first large-scale genetic
study. PLoS Genet. 2019;15(4):¢1008110. DOI 10.1371/journal.
pgen.1008110.

Shadrina A.S., Shashkova T.I., Torgasheva A.A., Sharapov S.Z., Kla-
ri¢ L., Pakhomov E.D., Alexeev D.G., Wilson J.F., Tsepilov Y.A.,
Joshi PK., Aulchenko Y.S. Prioritization of causal genes for coro-
nary artery disease based on cumulative evidence from experimen-
tal and in silico studies. Sci. Rep. 2020;10(1):1-15. DOI 10.1038/
$41598-020-67001-w.

Sharapov S.Z., Tsepilov Y.A., Aulchenko Y.S., Shadrina A.S., Klaric L.,
Vilaj M., Vuckovic F., Stambuk J., Trbojevic-Akmacic 1., Kristic J.,

2020
248

Mnatdopma GWAS-MAP 1 6a3a filaHHbix GWAS-MAP|homo
reHeTMYeCcKMX accoumaLnii MpM3HaKoB YeoBeKa

Simunovic J., Momcilovic A., Pucic-Bakovic M., Lauc G., Mangi-
no M., Spector T., Williams F.M.K., Thareja G., Suhre K., Simu-
rina M., Pavic T., Dagostino C., Dmitrieva J., Georges M., Camp-
bell H., Dunlop M.G., Farrington S.M., Doherty M., Gieger C.,
Allegri M., Louis E. Defining the genetic control of human blood
plasma N-glycome using genome-wide association study. Hum.
Mol. Genet. 2019;28(12):2062-2077. DOI 10.1093/hmg/ddz054.

Shen X., Klari¢ L., Sharapov S., Mangino M., Ning Z., Wu D.,
Trbojevi¢-Akmaci¢ L., Pu¢i¢-Bakovi¢ M., Rudan ., Polasek O., Hay-
ward C., Spector T.D., Wilson J.F., Lauc G., Aulchenko Y.S. Multi-
variate discovery and replication of five novel loci associated with
immunoglobulin G N-glycosylation. Nat. Commun. 2017;8(1):447.
DOI 10.1038/s41467-017-00453-3.

Smetanina M.A., Kel A.E., Sevost’ianova K.S., Maiborodin I.V., Sheve-
la A.L, Zolotukhin I.A., Stegmaier P., Filipenko M.L. DNA me-
thylation and gene expression profiling reveal MFAPS as a regulato-
ry driver of extracellular matrix remodeling in varicose vein disease.
Epigenomics. 2018;10(8):1103-1119. DOI 10.2217/epi-2018-0001.

Speed D., Balding D.J. SumHer better estimates the SNP heritability
of complex traits from summary statistics. Nat. Genet. 2019;51(2):
277-284. DOI 10.1038/s41588-018-0279-5.

Staley J.R., Blackshaw J., Kamat M.A., Ellis S., Surendran P,
Sun B.B., Paul D.S., Freitag D., Burgess S., Danesh J., Young R.,
Butterworth A.S. PhenoScanner: a database of human genotype—
phenotype associations. Bioinformatics. 2016;20(15):3207-3209.
DOI 10.1093/bioinformatics/btw373.

Suhre K., Arnold M., Bhagwat A.M., Cotton R.J., Engelke R., Raffler J.,
Sarwath H., Thareja G., Wahl A., DeLisle R.K., Gold L., Pezer M.,
Lauc G., El-Din Selim M.A., Mook-Kanamori D.O., Al-Dous E.K.,
Mohamoud Y.A., Malek J., Strauch K., Grallert H., Peters A., Kas-
tenmiiller G., Gieger C., Graumann J. Connecting genetic risk to
disease end points through the human blood plasma proteome. Nat.
Commun. 2017;8:14357. DOI 10.1038/ncomms14357.

Sun B.B., Maranville J.C., Peters J.E., Stacey D., Staley J.R., Black-
shaw J., Burgess S., Jiang T., Paige E., Surendran P., Oliver-Wil-
liams C., Kamat M.A., Prins B.P., Wilcox S.K., Zimmerman E.S.,
Chi A., Bansal N., Spain S.L., Wood A.M., Morrell N.W., Brad-
ley J.R., Janjic N., Roberts D.J., Ouwehand W.H., Todd J.A.,
Soranzo N., Suhre K., Paul D.S., Fox C.S., Plenge R.M., Danesh J.,
Runz H., Butterworth A.S. Genomic atlas of the human plasma pro-
teome. Nature. 2018;558(7708):73-79. DOI 10.1038/s41586-018-
0175-2.

The 1000 Genomes Project Consortium, Auton A., Brooks L.D., Dur-
bin R.M., Garrison E.P., Kang H.M., Korbel J.O., Marchini J.L.,
McCarthy S., McVean G.A., Abecasis G.R. A global reference
for human genetic variation. Nature. 2015;526(7571):68-74. DOI
10.1038/nature15393.

Timmers P.R., Mounier N., Lall K., Fischer K., Ning Z., Feng X., Bre-
therick A.D., Clark D.W., eQTLGen Consortium, Agbessi M., Ah-
san H., Alves 1., Andiappan A., Awadalla P., Battle A., Bonder M.J.,
Boomsma D., Christiansen M., Claringbould A., ... Shen X.,
Esko T., Kutalik Z., Wilson J.F., Joshi P.K. Genomics of 1 million
parent lifespans implicates novel pathways and common diseases
and distinguishes survival chances. eLife. 2019;8:e39856. DOI
10.7554/eLife.39856.

Vilhjalmsson B.J., Yang J., Finucane H.K., Gusev A., Lindstrom S.,
Ripke S., Genovese G., Loh P.-R., Bhatia G., Do R., Hayeck T.,
Won H.-H., Schizophrenia Working Group of the Psychiatric Geno-
mics Consortium, DRIVE study, Kathiresan S., Pato M., Pato C.,
Tamimi R., Stahl E., Zaitlen N., Pasaniuc B., Belbin G., Ken-
ny E.E., Schierup M.H., De Jager P., Patsopoulos N.A., McCar-
roll S., Daly M., Purcell S., Chasman D., Neale B., Goddard M.,
Visscher P.M., Kraft P., Patterson N., Price A.L. Modeling link-
age disequilibrium increases accuracy of polygenic risk scores.
Am. J. Hum. Genet. 2015;97(4):576-592. DOI 10.1016/j.ajhg.2015.
09.001.

Visscher PM., Wray N.R., Zhang Q., Sklar P., McCarthy M.I,
Brown M.A., Yang J. 10 years of GWAS discovery: biology, func-

FEHETUKA YEJTOBEKA / HUMAN GENETICS 883


http://paperpile.com/b/ZcU28M/siFEn
http://paperpile.com/b/ZcU28M/siFEn
http://paperpile.com/b/ZcU28M/siFEn
http://paperpile.com/b/ZcU28M/siFEn
http://dx.doi.org/10.1002/bjs.6798
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://dx.doi.org/10.1038/s41467-019-12653-0
http://dx.doi.org/10.1038/s41467-019-12653-0
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://dx.doi.org/10.1002/gepi.22050
http://paperpile.com/b/ZcU28M/52FwK
http://paperpile.com/b/ZcU28M/52FwK
http://dx.doi.org/10.1016/j.ajhg.2018.11.002
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://dx.doi.org/10.1038/s41467-018-04365-8
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://paperpile.com/b/ZcU28M/B6NSt
http://paperpile.com/b/ZcU28M/B6NSt
http://dx.doi.org/10.1038/ng.3396
http://dx.doi.org/10.1038/ng.3396
http://paperpile.com/b/ZcU28M/frvgv
http://paperpile.com/b/ZcU28M/frvgv
http://paperpile.com/b/ZcU28M/frvgv
http://paperpile.com/b/ZcU28M/frvgv
http://dx.doi.org/10.1038/s41588-018-0255-0
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://dx.doi.org/10.1038/ncomms6890
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://dx.doi.org/10.1161/01.RES.0000118250.67032.5E
http://paperpile.com/b/ZcU28M/5NmT
http://paperpile.com/b/ZcU28M/5NmT
http://paperpile.com/b/ZcU28M/5NmT
http://dx.doi.org/10.1038/s41576-018-0016-z
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://dx.doi.org/10.1038/ng.784
http://paperpile.com/b/ZcU28M/OQQSJ
http://paperpile.com/b/ZcU28M/OQQSJ
http://paperpile.com/b/ZcU28M/OQQSJ
http://dx.doi.org/10.1371/journal.pgen.1008110
http://dx.doi.org/10.1371/journal.pgen.1008110
https://doi.org/10.1038/s41598-020-67001-w
https://doi.org/10.1038/s41598-020-67001-w
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://dx.doi.org/10.1093/hmg/ddz054
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://dx.doi.org/10.1038/s41467-017-00453-3
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://dx.doi.org/10.2217/epi-2018-0001
http://paperpile.com/b/ZcU28M/JGFLh
http://paperpile.com/b/ZcU28M/JGFLh
http://paperpile.com/b/ZcU28M/JGFLh
http://dx.doi.org/10.1038/s41588-018-0279-5
https://doi.org/10.1093/bioinformatics/btw373
https://www.semanticscholar.org/author/H.-Grallert/145427247
https://www.semanticscholar.org/author/A.-Peters/152795176
https://www.semanticscholar.org/author/G.-Kastenm%C3%BCller/1726387
https://www.semanticscholar.org/author/G.-Kastenm%C3%BCller/1726387
http://paperpile.com/b/ZcU28M/pZipp
http://paperpile.com/b/ZcU28M/pZipp
http://dx.doi.org/10.1038/ncomms14357
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://dx.doi.org/10.1038/s41586-018-0175-2
http://dx.doi.org/10.1038/s41586-018-0175-2
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen X%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Esko T%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kutalik Z%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wilson JF%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
http://dx.doi.org/10.7554/eLife.39856
http://paperpile.com/b/ZcU28M/qFDVm
http://paperpile.com/b/ZcU28M/qFDVm

T.I. Shashkova, D.D. Gorev, E.D. Pakhomov ...
Y.A. Tsepiloy, L.C. Karssen, Y.S. Aulchenko

tion, and translation. Am. J. Hum. Genet. 2017;101(1):5-22. DOI
10.1016/j.ajhg.2017.06.005.

Westra H.-J., Peters M.J., Esko T., Yaghootkar H., Schurmann C., Ket-
tunen J., Christiansen M.W., Fairfax B.P., Schramm K., Powell J.E.,
Zhernakova A., ... Ripatti S., Teumer A., Frayling T.M., Mets-
palu A., Van Meurs J.B.J., Franke L. Systematic identification of
trans eQTLs as putative drivers of known disease associations. Nat.
Genet. 2013;45(10):1238-1243. DOI 10.1038/ng.2756.

Willer C.J., Schmidt E.M., Sengupta S., Peloso G.M., Gustafsson S.,
Kanoni S., Ganna A., Chen J., Buchkovich M.L., Mora S., Beck-
mann J.S., ... Ripatti S., Cupples L.A., Sandhu M.S., Rich S.S.,
Boehnke M., Deloukas P., Global Lipids Genetics Consortium.
Discovery and refinement of loci associated with lipid levels. Nat.
Genet. 2013;45(11):1274-1283. DOI 10.1038/ng.2797.

Winkler T.W., Day F.R., Croteau-Chonka D.C., Wood A.R., Loc-
ke A.E., Mégi R., Ferreira T., Fall T., Graff M., Justice A.E.,
Luan J.A., Gustafsson S., Randall J.C., Vedantam S., Workalema-
hu T., Kilpeldinen T.O., Scherag A., Esko T., Kutalik Z., Heid .M.,
Alavere H., Fischere K., Metspalu A., Mihailov E., Milani L., Mor-

The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

ris A.P., Nelis M., Perola M., Tammesoo M.-L., Teder-Laving M.,
Loos R.J.F., GIANT Consortium. Quality control and conduct of
genome-wide association meta-analyses. Nat. Protoc. 2014;9(5):
1192-1212. DOI 10.1038/nprot.2014.071.

Wu X., Zhu X., Wu G.Q., Ding W. Data mining with big data. /[EEE
Trans. Knowl. Data Eng. 2013;26(1):97-107. DOI 10.1109/TKDE.
2013.109

Yang J., Lee S.H., Goddard M.E., Visscher PM. GCTA: a tool for ge-
nome-wide complex trait analysis. Am. J. Hum. Genet. 2011;88(1):
76-82. DOI 10.1016/j.ajhg.2010.11.011.

Zhu Z., Zhang F., Hu H., Bakshi A., Robinson M.R., Powell J.E., Mont-
gomery G.W., Goddard M.E., Wray N.R., Visscher PM., Yang J. In-
tegration of summary data from GWAS and eQTL studies predicts
complex trait gene targets. Nat. Genet. 2016;48(5):481-487. DOI
10.1038/ng.3538.

Zolotukhin I.A., Seliverstov E.I., Shevtsov Y.N., Avakiants I.P., Nikish-
kov A.S., Tatarintsev A.M., Kirienko A.l. Prevalence and risk fac-
tors for chronic venous disease in the general Russian population.
Eur. J. Vasc. Endovasc. Surg. 2017;54(6):752-758. DOI 10.1016/
j.€jvs.2017.08.033.

Acknowledgements. We are grateful to Lucija Klaric and Peter Joshi for discussion and help with testing the platform. We thank Tatiana losifovna
Aksenovich for discussion of the manuscript. We thank Viktoria Voroshilova, Alexander Severinov and Ksenia Khudyakova for help with platform de-

velopment and testing.

Funding. The development of a database of genetic associations of human traits was supported by the Russian Ministry of Science and Education under
Excellence Programme 5-100. The development of the program modules of GWAS-MAP was supported by PolyKnomics BV.

Conflict of interest. YSA and LCK are co-owners of Maatschap PolyOmica and PolyKnomics BV, private organizations, providing services, research and
development in the field of computational, statistical, and quantitative (gen)omics.

Received June 23, 2020. Revised September 30, 2020. Accepted October 1, 2020.

884

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


http://paperpile.com/b/ZcU28M/qFDVm
http://paperpile.com/b/ZcU28M/qFDVm
http://paperpile.com/b/ZcU28M/qFDVm
http://dx.doi.org/10.1016/j.ajhg.2017.06.005
http://dx.doi.org/10.1038/ng.2756
http://dx.doi.org/10.1038/ng.2797
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://dx.doi.org/10.1038/nprot.2014.071
https://doi.org/10.1109/TKDE.2013.109
https://doi.org/10.1109/TKDE.2013.109
http://paperpile.com/b/ZcU28M/pfAxe
http://paperpile.com/b/ZcU28M/pfAxe
http://paperpile.com/b/ZcU28M/pfAxe
http://dx.doi.org/10.1016/j.ajhg.2010.11.011
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://dx.doi.org/10.1038/ng.3538
http://paperpile.com/b/ZcU28M/DvxQe
http://paperpile.com/b/ZcU28M/DvxQe
http://paperpile.com/b/ZcU28M/DvxQe
http://paperpile.com/b/ZcU28M/DvxQe
http://dx.doi.org/10.1016/j.ejvs.2017.08.033
http://dx.doi.org/10.1016/j.ejvs.2017.08.033

FEHETUKA YEJTOBEKA BaBunnoBcKui xxypHan reHeTuku n cenekymm. 2020;24(8):885-896

0630p / Review DOI 10.18699/VJ20.687

The role of microRNAs in learning and long-term memory

L.N. Grinkevich

Pavlov Institute of Physiology of the Russian Academy of Sciences, St. Petersburg, Russia
& e-mail: Larisa_Gr_spb@mail.ru

Abstract. The mechanisms of long-term memory formation and ways to improve it (in the case of its impair-
ment) remain an extremely difficult problem yet to be solved. Over the recent years, much attention has been
paid to microRNAs in this regard. MicroRNAs are unique endogenous non-coding RNAs about 22 nucleotides in
length; each can regulate translation of hundreds of messenger RNA targets, thereby controlling entire gene net-
works. MicroRNAs are widely represented in the central nervous system. A large number of studies are currently
being conducted to investigate the role of microRNAs in the brain functioning. A number of microRNAs have
been shown to be involved in the process of synaptic plasticity, as well as in the long-term memory formation.
Disruption of microRNA biogenesis leads to significant cognitive dysfunctions. Moreover, impaired microRNA
biogenesis is one of the causes of the pathogenesis of mental disorders, neurodegenerative ilinesses and senile
dementia, which are often accompanied by deterioration in the learning ability and by memory impairment.
Optimistic predictions are made that microRNAs can be used as targets for therapeutic treatment and for diag-
nosing the above pathologies. The importance of applications related to microRNAs significantly raises interest
in studying their functions in the brain. Thus, this review is focused on the role of microRNAs in cognitive pro-
cesses. It describes microRNA biogenesis and the role of miRNAs in the regulation of gene expression, as well
as the latest achievements in studying the functional role of microRNAs in learning and in long-term memory
formation, depending on the activation or inhibition of their expression. The review presents summarized data
on the effect of impaired microRNA biogenesis on long-term memory formation, including those associated with
sleep deprivation. In addition, analysis is provided of the current literature related to the prospects of improving
cognitive processes by influencing microRNA biogenesis via the use of CRISPR/Cas9 technologies and active
mental and physical exercises.
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AHHoTauusa. MexaHn3Mbl GOPMUPOBAHNA [ONTOBPEMEHHON MNaMATU U CNOCo6bI ee ynyylueHns (B ciyyae Hapy-
LUEHWSA) OCTAOTCA CNOXHENLen HepelueHHOoN Nnpobnemoli. B nocnepHve rogbl 601bLioe BHUMAHME B 3TON CBA3M
yaenaetca MUKPpOoPHK. MnkpoPHK ABnAlTCA yHUKanbHbIMY SHAOreHHbIMN Hekoanpytowmmn PHK annHon okono
22 HyK/IeOTVAOB, KaXAasa M3 KOTOPbIX MOXET PerynnpoBaTb TPaHCAALMIO COTeH MaTpuuHbix PHK, Tem cambim
ynpasnaa uenbiMu cetamm reHoB. MnkpoPHK wrpoko npeactaBneHbl B LIeHTPanbHOM HEPBHOWN cucTeme. B Ha-
cToALLee Bpems 3HauMTeIbHOE KONMYECTBO NUCCIe[0BaHMI NOCBALLEHO M3ydeHunto ponu MUKpoPHK B dyHKLMO-
HMPOBaHUM Mo3ra. MokasaHo, YTo Lenbin pag MUKPoPHK BoBfieYeH B NpoLecc CMHanTUYeCcKow NiacTMYyHoOCTY,
a Takxe B popmrpoBaHme AonroBpeMeHHon namaTu. Mpu 3Tom HapylieHne 6uoreHesa MUKPOPHK npuBoguT K
3HaUNTENbHbBIM KOTHUTMBHbIM AncdyHKUmAM. bonee Toro, HapyLeHne 6roreHeza MukpoPHK ABnaeTca ogHow 13
NPVYYH naTtoreHesa 3abosneBaHni, CBA3aHHbIX C MCUXMYECKMMIY PacCTPONCTBaMK, HeipofereHepaTUBHbIMM Ma-
TONOTMAMU 1 CTapPUYECKON IeMeHLMEN, KOTOPbIE YaCTO COMPOBOXKAAITCA YXYALLIEHNEM CNIOCOBHOCTM K 06yUeH o
1 HapyLUeHeM NamATU. BbicKasblBaloTCA ONTUMUCTUYHbBIE MPOTHO3bl, YTO MUKPOPHK MOryT 6bITb MCNONb30BaHbI
B KauecTBe MULLEHel ANA TepaneBTUUYECKOro leYeHna U ANArHOCTUKM AaHHbIX naTtonorui. BaxHoe npuknag-
Hoe 3HayeHne MUKpoPHK yBennumBaeT uHTepec K usyyeHuio nx GyHKUMn B pabote Mo3ra. MpeacTaBieHHbI
0630p nocesLeH ponv MUKPOPHK B KOrHUTUBHBIX Mpoueccax. OnucaHbl 6uoreHes MuKpoPHK 1 ponb MukpoPHK
B perynaymm 3KCnpeccum reHoB. PaccMoTpeHbl nociefHne JOCTUXEHUA B U3yUYeHUW GYHKLMOHaNbHON ponu
MUKPOPHK B 06yueHnr 1 popMmnpoBaHnm JONTOBPEMEHHO NaMATH, B 3aBUCMMOCTM OT akTUBALUW UV UHTOU-
POBaHMA UX SKCNPECCUN, U O BANAHWMN HapyLleHna 6uoreHesa MnkpoPHK Ha dopmupoBaHme fonroBpemeHHom
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namAT. He6onbluol pa3aen NocBALEeH BAUAHMIO AeNprBaLMN CHa Ha KOTHUTUBHbIE NPOLIECChI, 3aBUC/Mble OT
MUKpoPHK. Kpome Toro, npriBefieH aHanu3 TekyLen niTepaTypbl, CBA3aHHON C NepcnekTMBamu yiyyLlleHns Kor-
HUTWBHBIX GYHKLMIA NOCPeACTBOM BAUAHMUA Ha 6roreHe3 MUKpoPHK nyTtem npumeHenmns CRISPR/Cas9 TexHono-

T N aKTUBHbIX YMCTBEHHDbIX U ¢M3VI‘-IECKVIX Harpysok.

KnioueBble cnoBa: annreHeTunKa; MVIKpOPHK; ponroppemMmeHHad namMmAaTb; KOrHUTUBHbIE HapyLleHWA; aenpuBaumna

CHa, oboralleHHas cpega.

Introduction

The mechanisms of forming long-term memory (LTM) and
of its improvement in case of impairment resulting from
trauma, neurological and neurodegenerative diseases, and
age-related dysfunctions are among the most challenging
issues to be solved by the science. Back in the middle of
the last century, researchers realized that LTM formation
requires active involvement of the genome. Later, it was
shown that newly synthesized proteins are necessary for
modification of synaptic contacts and rearrangements of
the neural networks involved in consolidating new experi-
ences (Sweatt, 2016). The main difficulties in studying the
molecular basis of LTM are associated with both complexity
of the structure of the central nervous system and with va-
riety of the regulatory processes acting at the genome level.
The latter include regulation of gene expression by DNA-
binding transcription factors, as well as epigenetic modi-
fications that regulate the structure of chromatin (Berger,
2007). These epigenetic processes are widely involved in
brain functioning, including neuronal differentiation and
adaptive behavior, inter alia LTM formation (Fischer, 2014;
Kim, Kaang, 2017).

Somewhat later, studies were started on involvement of
microRNA in the epigenetic regulation of gene expression.
MicroRNAs are unique non-coding molecules, each of
which able to regulate translation of hundreds to thousands
of messenger RNAs (mRNAs) targets. MicroRNAs are
most widely represented in the central nervous system,
and many of them are expressed at a high level (Chen,
Qin, 2015). A large number of studies have been published
on microRNAs participation in neuronal differentiation
(Baek et al., 2014; Chen, Qin, 2015), in the LTM formation
(Rajasethupathy et al., 2009; Gao et al., 2010; Hu Z., Li,
2017), as well as in the pathogenesis of diseases associated
with mental disorders, neurodegenerative pathologies and
senile dementia (Beveridge et al., 2010; Danka Mohammed
et al., 2017; Wingo et al., 2020). Optimistic predictions
are expressed that a number of microRNAs can be used as
targets for therapeutic treatment and diagnosis of diseases
accompanied by cognitive impairment (Liu et al., 2017).
This important applied value of microRNAs raises interest
in the study of their functions. This review will examine in
detail the role of microRNAs in cognitive processes.

MicroRNAs - biogenesis and mechanism

of regulating gene expression

For the first time, microRNAs, as functionally significant
molecules capable of regulating gene expression, were de-
scribed in the nematode C. elegans in 1993 (Lee R. et al.,
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1993). In 2000, highly conserved microRNA let-7, which
is necessary for organism development, was discovered
in the same animal (Reinhart et al., 2000). In parallel, in
1998, A. Fire and C. Mello published an article in which
it was shown that by means of small double-stranded
RNAs (siRNA) it is possible to silence genes — this mecha-
nism was called RNA interference. Moreover, already in
2006, in view of the importance of this discovery, An-
drew Fire and Craig Mello were awarded the Nobel Prize
in Physiology or Medicine. It has been shown that gene
silencing by means of RNA interference is also carried out
by microRNA (He, Hannon, 2004). Since the 2000s, an
avalanche of studies on the functional role of microRNA
and its biogenesis in many animal species started.

MicroRNAs are a family of small, highly conserved en-
dogenous non-coding RNAs about 22 nucleotides long (He,
Hannon, 2004; Bitetti et al., 2018). MicroRNA biogenesis
is a complex and multistep process, including transcription
from DNA of a rather long primary transcript (pri-miRNA)
with characteristic stem-loop structures, its processing to
form pre-miRNA, translocation of pre-miRNA into the
cytoplasm and its further processing to form microRNA
(miRNA). Next, the microRNA interacts with the RISC
complex (RNA-induced silencing complex) in which the
microRNA binds to the target mRNA and induces degrada-
tion and/or mRNA translational repression (Bartel, 2009;
Aksoy-Aksel et al., 2014). Evolutionarily conserved pro-
teins control all of the above stages: DROSHA, DGCRS,
EXP5, RAN, DICER, TARBP2, AGO, and PIWI. Proteins
DROSHA and DGCRS are endonucleases and control the
processing of the primary microRNA transcript. EXP5 and
RAN are involved in translocation of pre-miRNAs from the
nucleus to the cytoplasm. DICER endonuclease regulates
cleavage of pre-miRNAs to form mature miRNAs and as-
sociation of mature miRNAs with the RISC. The current
data on microRNA biogenesis are described in detail in the
review by Smith and Kenny (Smith, Kenny, 2018).

In the cytoplasm of neuronal cell bodies, miRNAs are
often associated with processing structures that are respon-
sible for storage and degradation of mRNA, and can also be
found in stress granules that are formed in response to stress
(Leung, 2015; Smith, Kenny, 2018). Expression of miRNAs
in neurons is induced by electrical activity and downstream
regulatory cascades at several levels, including the synthesis
and processing of the primary transcript, processing of pre-
miRNAs, and assembly of the RISC (Aksoy-Aksel et al.,
2014). However, these processes are still poorly understood.
MicroRNAs are highly stable molecules (up to 10 times
more stable than mRNAs) (Gantier et al., 2011).
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The complexity of studying the role of miRNAs in the
brain is determined by the variety of neuronal and glial
cells that perform different functions and express different
patterns of miRNAs (McNeill, Van Vactor, 2012; Malmevik
etal., 2016). Moreover, each miRNA can have hundreds of
different mRNAs as targets, and expression of a particular
mRNA can be regulated by several miRNAs (Lewis et al.,
2003; John et al., 2004). Therefore, dysregulation of a single
miRNA can have a large polygenic effect. The number of
identified miRNAs already amounts to several thousands,
and according to various estimates, miRNAs are capable of
regulating the expression of 30 to 70 % of all genes encoding
proteins at the posttranscriptional level (Selbach et al., 2008).
It is important that about 70 % of miRNAs are expressed in
the brain, and quite differentially in different regions (cited
after Chen, Qin, 2015). In addition, microRNAs can be se-
creted into the extracellular space, including the circulatory
system, to ensure intercellular and interorgan communica-
tion (Lesseur et al., 2014; Smith, Kenny, 2018). The pattern
of extracellular miRNAs changes in a number of patholo-
gies, and these data are beginning to be used for diagnostic
purposes (Lesseur et al., 2014; Smith, Kenny, 2018). Thus,
miRNAs are the key regulators of many gene networks and,
accordingly, can coordinate the most important processes
in the organism.

MicroRNAs in learning and long-term memory
Currently, several learning models are used to study the
molecular mechanisms of LTM, which can be divided into
associative and non-associative ones. The former includes
development of various conditioned reflexes, and the latter
includes non-associative analogs of learning, such as sensi-
tization (facilitation), depression (habituation), post-tetanic
potentiation and post-tetanic depression.

Sensitization is “enhancement of a pre-existing response
of an animal to a stimulus as a result of application of
another, nociceptive (painful) stimulus”. Sensitization is
necessary for an animal to respond to a stimulus that was
previously insignificant for it (Kandel, 1982). Depression
(habituation) is weakening of the response to a previously
significant stimulus as a result of its periodic reiteration.
Through habituation, an animal learns to ignore stimuli that
have lost their novelty or meaning. At the cellular level,
sensitization is associated with an increase in the efficiency
of synaptic communication between neurons, and depres-
sion — with its weakening (Kandel, 1982).

Post-tetanic potentiation is improvement in synapse con-
duction after a series of frequent (tetanizing) stimulations
of incoming fibers. Post-tetanic depression is deterioration
in synaptic conduction after a series of weak rhythmic
stimuli.

Long-term changes in the efficiency of synaptic transmis-
sion in these models require involvement of the genome and
are caused by long-term plastic changes in the synapses
through remodeling of presynaptic and/or postsynaptic struc-
tures, the spiny morphogenesis, and/or growth or elimination
of synapses. Thus, synaptic plasticity is the mechanism by
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which the brain encodes and stores information. It is be-
lieved that these processes underlie LTM formation in both
animals and humans.

The role of microRNAs in synaptic plasticity

and local biosynthesis in neurites

The role of microRNAs in synaptic plasticity has been most
fully investigated using models of long-term post-tetanic
depression (LTD) and post-tetanic potentiation (LTP).
Local protein synthesis plays an important role in these
processes. It has been shown that the synthesis of receptors,
proteins involved in the transport of synaptic vesicles and
proteins needed for modeling the growth of spines can oc-
cur in neurites, since neurites contain the necessary set for
translation of mRNA, including ribosomes, and, moreover,
pre-microRNA, microRNA and Dicer enzyme, which allows
microRNA to regulate local biosynthesis (Lugli et al., 2005;
Bicker et al., 2013; Smalheiser, 2014; Hu Z., Li, 2017).
Thus, during LTD formation in the dendrites of hippocampal
neurons, local synthesis of the glutamate receptor GluA1l
occurs, its expression is regulated by miR-501-3p, and this
process is required for remodeling of dendritic spines, the
density of which determines the efficiency of the synapse
(Hu Z. et al., 2015).

Long-term remodeling of the dendritic tree also involves
miR-191, miR-135, and miR-137 (Hu Z. et al., 2014; Siegert
et al., 2015). On the other hand, miR-26a and miR-384-5p
participate in the formation of LTP, the expression of which
decreases during tetanization in an RSK3-dependent manner.
Structural and signaling proteins of synapses (Gu Q. et al.,
2015) are the targets of these microRNAs. At the same time,
LTP is accompanied by expansion of spines and formation
of new ones, while the opposite picture is observed for
LTD (Hu Z., Li, 2017). It has been suggested that modula-
tion of protein synthesis in synapses may be based on local
CaZ*-dependent activation of the Dicer enzyme (Lugli et
al., 2005).

The effect of microRNA biogenesis disorders

on LTM formation

In the initial studies of involvement of miRNAs in learning
and memory, animals with genetic impairments of enzymes
involved in miRNA biogenesis, in particular, with dysfunc-
tion of the Dicer, were used (Konopka et al., 2010; Fiorenza,
Barco, 2016; Fiorenza et al., 2016). Induced by Tamoxifen
injection, deletion of Dicer in the forebrain of mice (muta-
tion Dicer1€aMKCreERT2) hag been shown to cause the loss of
anumber of brain-enriched microRNAs, including miR-124,
miR-132, miR-137, miR-138, miR-29a/c, and these mice
show improved memory (Konopka et al., 2010). In animals
with Dicer suppression, the excitability of pyramidal neurons
in the CA1 region of the hippocampus also increased, as well
as induction of “early genes” required for LTM formation
(Fiorenza et al., 2016). The above data are supported by the
studies of Hansen et al. (Hansen et al., 2010) and Siegert et
al. (Siegert et al., 2015), which showed that overexpression
of miR-132 in forebrain neurons in adult mice (transgenic
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mice), and miR-137 in the dentate gyrus (using the lentiviral
technology) leads to LTM impairment.

Contradictory to the above are the studies carried out on
aging animals in which the content of many microRNAs
decreases with age; however, cognitive impairment occurs
(Inukai et al., 2012; Chmielarz et al., 2017). Dicer dysfunc-
tion in the cerebellum leads to progressive loss of microRNA
and death of Purkinje cells, and in the forebrain it causes
abnormal hyper phosphorylation of the tau protein and
neurodegeneration similar to that in Alzheimer’s disease,
which accordingly impairs cognitive processes (Hébert et
al., 2010; Dimmeler, Nicotera, 2013). In addition, impair-
ment of microRNA biosynthesis in dopaminergic neurons
due to suppression or depletion of Dicer (tissue-specific
inducible suppression) causes dopaminergic cell dysfunc-
tion, while pharmacological stimulation is neuroprotective
(Chmielarz et al., 2017). In addition, the pharmacological
inhibition of Dicer activity with poly-lysine (Poly-L-lysine
hydrobromide) disrupts formation of a conditioned reflex
with single-trial induced LTM in the mollusk Lymnaea
stagnalis (Korneev et al., 2018) and impairs formation of the
conditioned defense reflex in the mollusk Helix (Grinkevich,
2019). Thus, the last two studies show that short-term Dicer
dysfunction can lead not to improvement, but to impairment
of LTM.

As molecular genetic studies continued, it became clear
that miRNAs are capable of not only inhibiting LTM, but
also improving its formation. Thus, in the lateral amygdala
7 microRNAs upregulated and 32 downregulated by auditory
fear training (Griggs et al., 2013). MicroRNAs miR-9 and
miR-34 do not suppress, but support the capacity of spatial
learning (the Morris water maze) and reference memory,
respectively (Malmevik et al., 2016). The expression of
a number of microRNAs in the hippocampus is activated
during contextual fear formation (Vetere et al., 2014; Jova-
sevic et al., 2015). Thus, it became clear that the effect of
microRNA on cognitive processes can be multidirectional,
which was shown in numerous further studies.

MicroRNAs that negatively
regulate LTM formation
The best-studied microRNAs whose expression decreases
during learning include miR-124, miR-134, and miR-206.
miR-124 is one of the first studied microRNAs associated
with LTM formation. It is a highly conserved microRNA
with a high level of expression in the central nervous sys-
tem. In 2009, a comprehensive work was published, which
for the first time demonstrated involvement of miR-124 in
LTM formation and studied its function (Rajasethupathy et
al., 2009). As a learning model, the authors used long-term
facilitation of synaptic connection between sensory and
motor neurons of the mollusk Aplysia. As noted above,
facilitation is an essential component in formation of a
number of conditioned reflexes, including defensive ones,
and is successfully used in the studies of the mechanisms
of LTM formation (Kandel, 2012). It was shown that during
development of facilitation, the level of miR-124 decreases,
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and, accordingly, translation of the target of miR-124, the
transcription factor CREB-1, is activated (Rajasethupathy
et al., 2009). As a result, CREB-1-dependent induction of
the genes involved in synaptic modifications takes place,
leading to a long-term increase in efficiency of synaptic
transmission. At the same time, regulation of miR-124 ex-
pression is effected by the modulatory mediator serotonin,
which mediates the action of the sensitizing pain stimulus,
through PKA-MAPK/ERK-dependent signaling cascades
(Rajasethupathy et al., 2009).

Further studies showed that miR-124 also plays an im-
portant role in LTM formation in vertebrates, in which,
similarly to Aplysia, miR-124 is inhibited during learning
(Yangetal., 2012; Malmevik et al., 2016). For example, the
amount of miR-124 decreases in the hippocampus during
spatial learning and social interactions in mice (Yang et al.,
2012). In this case, the target of miR-124 is the transcrip-
tion factor Zif268, which takes an active part in cognitive
processes; accordingly, a decrease in the miR-124 amount
induces translation of Zif268 (Yangetal., 2012). Increased
expression of miR-124 (vector rAAV1/2-miR-124), or
knockdown of Zif268 (LNA-Zif268 antisense) have a ne-
gative effect on LTM, and knockdown of miR-124 (LNA-
miR-124 antisense) restores expression Zif268 and reverses
of LTM formation.

The expression of miR-124 is regulated through cAMP
and its intracellular receptors EPAC1 and EPAC2. More-
over, in EPAC~ mice, impairment of spatial learning
and memory, as well as social interactions, suppression of
synaptic transmission, and impairment of long-term post-
tetanic potentiation in the hippocampus are observed (Yang
et al., 2012). It has been shown that inhibition of miR-124
in hippocampal neurons leads to improvement in LTM,
potentially through an increase in the level of expression
of genes associated with synaptic plasticity and neuronal
transmission (Malmevik et al., 2016). At the same time,
genes associated with translation and neurodegenerative
diseases are suppressed.

A decrease in the miR-124 expression level associated
with improvement in LTM formation in mice was noted in
the work of Konopka et al. (Konopka et al., 2010). miR-124
is also involved in memory consolidation during sleep (Ka-
rabulut et al., 2019). Post-learning sleep deprivation during
specific time windows induces expression of miR-124 in the
hippocampus, inhibits synthesis of the neurotrophic factor
BDNF, which is the target of miR-124, and, accordingly,
disrupts LTM consolidation.

miR-134 is highly expressed in the brain and is detected
not only in the bodies of neurons, but also in dendrites (Bic-
keretal.,2013). As in the case of miR-124, overexpression
of miR-134 (the lentiviral technology) in the CA1 region
of the hippocampus leads to significant deterioration in
LTM formation in the contextual fear-conditioning paradigm
and to abrogated long-term potentiation in this structure
(Gao et al., 2010). miR-134, like miR-124, affects synaptic
plasticity through post-transcriptional regulation of CREB-1
and BDNF in a CREB-dependent way. In turn, miR-134
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expression is regulated by SIRT1 deacetylase. In mutant
mice lacking the catalytic activity of SIRT1 in the brain,
an increase in levels miR-134 is observed, followed by
repression of target genes, and, accordingly, impairment of
LTM (Gao et al., 2010). The increase in miR-134 levels is
sufficient to mimic the behavioral and electrophysiological
phenotypes of SIRT1-deficient mice. Conversely, inhibition
of miR-134 reverses memory in SIRT1 knockdown mice
and restores long-term potentiation in the CAl region of
the hippocampus (Gao et al., 2010).

Memory impairment under stress is also associated with
suppression of the SIRT1/miR-134 pathway and the down-
regulation expression of BDNF and synaptic proteins in
the hippocampus (Shen et al., 2019). Thus, miR-134 and
miR-124 can have a synergistic effect on the expression
of genes involved in plastic rearrangements. In addition,
disruption of miR-134 and miR-124-dependent regulation
is an important mechanism underlying cognitive dysfunc-
tion in Alzheimer’s disease (Wang X. et al., 2018; Baby et
al., 2020).

miR-206. Increased levels of miR-206 are observed in the
brain of Tg2576 mice (a model of Alzheimer’s disease) and
in the temporal cortex of the human brain in Alzheimer’s
disease (Lee S. etal., 2012). Decreased miR-206 levels lead
to improved memory through induction of the neurotrophic
factor BDNF. Improving memory through decrease in the
content of miR-206-3p in the hippocampus and cortex is
also facilitated by administration of donepezil, a drug with
an antidementional effect (Wang C. et al., 2017).

Summarizing the above data, down-regulation expression
of miR-124, miR-134, and miR-206 is necessary for suc-
cessful formation of LTM, since these microRNAs normally
block the expression of genes the products of which are
necessary for plastic rearrangements.

MicroRNAs positively regulating learning
and LTM formation
miR-9-3p positively influences hippocampus-dependent
memory. Inhibition of miR-9-3p in the hippocampus leads
to impairment of long-term post-tetanic potentiation (LTP)
and disruption of LTM through increased expression of
Dmd (dystrophin) and SAP97 (synapse-associated pro-
tein 97) genes, which are negatively correlated with LTP
(Sim et al., 2016). At the same time, miR-9-5p, which is
formed from a common precursor, is not involved in these
processes. The miR-9 family is also involved in the regula-
tion of synaptogenesis during early brain development, and
a link was found between these developmental events and
cognitive functions later in the adult life (Lin et al., 2017).
miR-92. The level of miR-92 increases in the hippocam-
pus during the contextual fear memory formation in mice,
which reduces expression of several miR-92 targets, includ-
ing proteins KCC2, CPEB3 and MEF2D, which negatively
regulates memory-induced structural plasticity (Vetere et
al., 2014). Selective inhibition of miR-92 in CA1 neurons
of the hippocampus (lentiviral technology) leads to up-
regulation of KCC2, CPEB3 and MEF2D, prevents the

2020
248

Ponb mukpoPHK B 06yueHun
1 ONrOBPEMEeHHON NamATh

learning-induced increase in the spine density and impairs
this type of memory.

miR-195. Overexpression of miR-195 in the rat hippo-
campus using lenti-pre-miR-195 protects against develop-
ment of dementia, and its inhibition (knockdown by anti-
sense microRNA — lenti-pre-AMO-miR-195) leads to im-
pairment of spatial memory (Morris water maze) (Ai et al.,
2013). Potential targets for miR-195 are APP and BACE1
proteins associated with B-amyloid aggregation.

MicroRNA cluster miR-183/96/182. Enhanced expres-
sion of the microRNA cluster miR-183/96/182 in the hip-
pocampus promotes LTM formation (an object recognition
task), and miR-183/96/182 expression is regulated by protein
phosphatase PP1 (Woldemichael et al., 2016). An increase
in the levels of miR-183/96/182 leads to suppression of
histone deacetylase HDAC9 activity and promotes LTM
formation. It is known that HDAC9 negatively affects LTM
through deacetylation of histones and chromatin remodeling
(Grinkevich, 2012; Fischer, 2014). Downregulation of the
miR-183/96/182 cluster leads to memory impairment in the
old age, and memory can be improved by overexpression of
this cluster (Jawaid et al., 2019).

Thus, miRNAs (miR-9-3p, miR-92, miR-195 and the
miR-183/96/182 miRNA cluster), which contribute to
LTM formation, repress mRNAs encoding proteins that
inhibit LTP (Dmd, Sap97), structural plasticity (KCC2,
CPEB3, MEF2D) and gene silencing (histone deacetylase
HDACDY), as well as proteins causing B-amyloid aggrega-
tion (APP and BACE1). Below is a simplified diagram of
microRNA-dependent regulation of long-term memory
formation (Fig. 1).

MicroRNAs that can influence learning
and long-term memory in both positive
and negative ways
On the other hand, to date, a large number of miRNAs have
been described that can influence formation of LTM in both
positive and negative ways.

miR-132. CREB1-dependent activation of miR-132 ex-
pression in the hippocampus is observed during formation
of fear-induced memory, matches the kinetics of inducing
immediate early genes and regulates the spine size in the
presynapses (Nudelman et al., 2010). While in transgenic
mice (tTA::miR132), with increased expression of miR-132
in forebrain neurons, violation of LTM formation is observed
(Hansen et al., 2010). It should be noted that in this case,
another type of learning was studied — recognition of new
objects. Nevertheless, the authors note that, in tTA::miR 132
transgenic mice, there is a decrease in the expression of
MeCP2, a protein involved in development of the Rett
syndrome and other mental disorders, as well as a notice-
able increase in dendritic spine density in the hippocampus,
which ultimately should lead to improving LTM. The authors
associate all these inconsistencies with too high expression
of miR-132.

miR-34. The data on the effect of the miR-34 family, con-
sisting of three members, miR-34a, miR-34b, and miR-34c,
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Fig. 1. MicroRNA-dependent regulation of gene expression in the long-term memory formation.

During training, both inhibition of expression of a number of miRNAs (miR-124, miR-134, miR-206 — marked with a double line) and activa-
tion (MiR-9-3p, miR-92, miR-195 and cluster miR-183/96/182 — marked with a single line) can occur. Downregulation of miRNAs is needed
to reactivate genes, the products of which are necessary for plastic rearrangements and are regulated by transcription factors Zif268,
CREB1 and by the growth factor BNDF (all marked with a double line). MicroRNAs which are activated during training repress mRNAs
encoding proteins that inhibit structural and synaptic plasticity (Dmd, Sap97, KCC2, CPEB3 and MEF2D), proteins promoting 3-amyloid
aggregation (APP and BACE1) and also proteins repressing synthesis of histone deacetylase HDACY (all marked with a single line).

PKA - protein kinase A; EPAC1/EPAC2 - intracellular cAMP receptors; SIRT1-deacetylase and PP1-protein phosphatase are involved in the
regulation of microRNAs shown in the diagram. The pathways of regulation of microRNAs that are not described in the literature analyzed

in this review are indicated by dashed lines.

on the learning of microRNAs are even more diverse. It has
been shown that inhibition of all the members of miRNAs
of this family in hippocampal neurons with using AAV-
delivered miRNA sponges reduces the ability for reference
memory and causes transcriptome changes associated with
transduction of neuroactive ligand-receptors and cell com-
munication (Malmevik et al., 2016). Inhibition of miR-34a
alone has a similar effect on LTM in rats. In this case, we
are talking about amygdala-dependent memory (auditory
fear conditioning) (Dias et al., 2014). The learning-induced
increase in miR-34a amount in the basolateral amygdala
suppresses the Notch pathway. Given the leading role of
the Notch pathway proteins in embryonic development
and synapse maturation, the authors believe that Notch
signaling normally maintains the steady state of synaptic
stability by suppressing synaptic plasticity. Fear-mediated,
transient increases in miR-34a in the amygdala reduce Notch
signaling, thereby creating an environment that temporarily
allows synaptic modification and hence long-term memory
consolidation.

Unlike miR-34a, miR-34c is a negative factor in memory
consolidation. The level of miR-34c¢ increases in the hip-
pocampus during aging, which contributes to impairment
of learning and memory, can be restored by inhibiting this
microRNA (Zovoilis et al., 2011). In this study, the effect
of miR-34c was attributed, at least in part, to a decrease in
the target of miR-34c deacetylase SIRT1. The content of
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miR-34c is also increased in the hippocampus in patients
with Alzheimer’s dementia and in hippocampal neurons in
APPPS1-21 transgenic mice exhibiting -amyloid pathology
and cognitive deficits at an early age (Zovoilis et al., 2011).
In turn, SIRT1 modulates synaptic plasticity and memory
formation through a miR-134-mediated mechanism (Gao
et al., 2010). Thus, miR-34a is positively associated with
amygdala-dependent LTM, while miR-34c is negatively
associated with hippocampus-dependent LTM.

miR-137. This microRNA is being intensively studied
both in connection with the mechanisms of LTM and with
various cognitive pathologies, and its functions are very
diverse. It has been shown that activation of miR-137 is
required for long-term memory formation in the pond snail
Lymnaea (Korneev et al., 2018). At the same time, miR-137
inhibits the transcription factor CREB2, a negative regulator
of the expression of genes necessary for LTM formation.
In mice knocked out of the miR-137 gene, spatial learning
and memory are impaired, which is potentially associated
with increased expression of the Ezh2 gene (Yan et al.,
2019). Ezh2 encodes histone-lysine N-methyltransferase
involved in the methylation of histones at sites that inhibit
gene expression. Thus, it has been shown that miRNAs
are capable of modulating another regulatory pathway,
namely, epigenetic chromatin remodeling. Data obtained
in heterozygous mice with partial loss of miR-137 function
support the activating effect of miR-137 on LTM (Cheng et
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al.,2018). On the other hand, overexpression of miR-137 in
the dentate gyrus of the hippocampus disrupts presynaptic
plasticity and impairs fear-induced context memory, while
the expression of presynaptic target genes associated with the
release of synaptic vesicles (complexin-1, Nsf, and synapto-
tagmin-1) decreases (Siegert et al., 2015). miR-137 is also
implicated in the Pb-induced hippocampus-dependent spa-
tial memory impairment (Gu X. et al., 2019). It was shown
that chronic oral administration of lead acetate (PbAc) with
drinking water causes a change in the genomic landscape
of histone H3 methylation at the H3K27me3 site in the
hippocampus. It should be noted that the change in me-
thylation is associated with activated interaction of miR-137
and EZH2 methyltransferase, which make up a mutually
inhibitory loop. Overexpression of EZH2 in PbAc-treated
rats reverses H3K27me3 methylation and partially restores
spatial memory.

miR-153 also has a multidirectional effect on LTM. Thus,
the expression of miR-153 is specifically induced in the
hippocampus during fear-dependent memory acquisition
(Mathew et al., 2016). At the same time, miR-153 inhibits
the expression of key components of the vesicular transport
system, reduces the level of the glutamate receptor A1 traf-
ficking and neurotransmitter release. On the other hand,
knockdown of miR-153 in the hippocampus of adult mice
leads to improvement in the fear memory. The authors ex-
plain the resulting contradiction by the fact that miR-153,
along with, possibly, other fear-induced miRNAs, acts as a
component of a feedback loop that blocks neuronal hyper-
activity by inhibiting the vesicular transport pathway (Ma-
thew et al., 2016). Dysregulation of miR-153 has been
associated with decreased learning and memory ability in
autistic mice (You et al., 2019). It has been shown that the
target of miR-153 is the LEPR (a leptin receptor) and the
JAK-STAT signaling pathway regulated by it. Overexpres-
sion of miR-153 suppresses LEPR and the JAK-STAT
signaling pathway, which leads to an increase in BDNF
expression, an increase in the proliferative capacity of hip-
pocampal neurons, and promotes LTM formation. That is,
the high expression of miR-153, and not its knockdown, as
stated in the work of Mathew et al. (Mathew et al., 2016),
improves LTM formation.

miR-182. An increase in the expression of this miRNA
in the hippocampus within the miR-183/96/182 miRNA
cluster promotes the hippocampus-dependent LTM forma-
tion (Woldemichael et al., 2016). On the contrary, in the
amygdala, during formation of amygdala-dependent LTM,
a decrease in the amount of miR-182 is noted, and its artifi-
cial overexpression leads to a disruption of LTM (Griggs et
al., 2013). The miR-182 targets in the amygdala are the key
actin-regulating proteins, cortactin and Racl. Interestingly,
another member of the miR-183/96/182 cluster, miR-96, is
not expressed in the amygdala. The mechanisms of indepen-
dent functioning of some microRNAs belonging to clusters
are currently not clear, but presumably, this phenomenon is
associated with the type of cells in which their differential
expression occurs (Banks et al., 2020).
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Thus, miR-132, miR-34, miR-137, miR-153, and miR-182
may influence LTM formation in both positive and negative
ways, depending on the learning paradigm and the brain
structures involved in learning. In addition, the effect of
microRNAs on memory may often depend on their concen-
tration. Thus, a moderate increase in miR-212/132 facilitates,
and an excessive increase in its expression negatively affects,
learning and memory (Benito et al., 2018). The important
role of miRNAs in LTM formation is also evidenced by the
recent studies related to sleep deprivation.

MicroRNAs, long-term memory and sleep
It is widely known that even a short period of sleep depri-
vation may impair memory formation. Sleep disturbance,
caused by emotional overload, the rugged rhythm of life and
chronic life stress, causes a decrease in performance and cog-
nitive functions in a significant number of the world popula-
tion. It is believed that one of the mechanisms of the effect
of'sleep deprivation on cognitive processes may be impaired
epigenetic regulation of gene expression, including genes
associated with microRNA dysfunction (Gaine et al., 2018).
Thus, the recent studies have shown that sleep deprivation
significantly changes the profiles of DNA methylation and,
accordingly, the synthesis of RNA, including microRNA
(Nilsson et al., 2016). On the other hand, miRNAs are
involved in the regulation of circadian rhythms that regu-
late the sleep and wakefulness cycles (Gaine et al., 2018).
Disruption of microRNA biogenesis may lead to changes in
the circadian rhythms and potentially affect cognitive abili-
ties. In patients with depression and late insomnia, genetic
variants of miR-182 miRNA were found that induce inhibi-
tion of expression of circadian clock proteins CLOCK and
DSIP (Saus et al., 2010). In addition, impaired expression
of miR-182, along with miR-132 and miR-124, is observed
during the paradoxical sleep phase deprivation and leads
to disruption of hippocampus-dependent LTM (Karabulut
etal., 2019). At the same time, the synthesis of the growth
factor BDNF, which is involved in memory consolidation
during sleep, changes markedly (Karabulut etal., 2019). The
relation of these microRNAs with numerous cognitive pro-
cesses has been described in the chapters above. In addition,
miR-132 is a key pathway for coupling the circadian rhythm
and the rhythm of cognitive abilities (Aten et al., 2018).
Sleep deprivation also disrupts the content of miRNAs
let-7b, miR-125a, and miR-138 (Gaine et al., 2018). It is
believed that induction of the epigenetic processes caused
by sleep deprivation is carried out by signaling cascades that
regulate synaptic plasticity (Havekes, Abel, 2017). Sleep
disturbance is common in people with fear-related anxiety
disorders. It has been shown that some microRNAs, such
as miR-132 and miR-144-3p, play an important role both
in generation of fear and in suppression of memories of it
and are associated with consolidation and reconsolidation of
LTM, respectively (Murphy, Singewald, 2018). At the same
time, impaired miR-132 expression is observed during sleep
deprivation and is accompanied by cognitive dysfunctions
(Karabulut et al., 2019).

FEHETUKA YEJIOBEKA / HUMAN GENETICS 891



L.N. Grinkevich

Perspectives for improving cognitive processes

by influencing microRNA biogenesis

In recent years, more and more data have been accumulated
that microRNAs play an important role in cognitive disor-
ders in neurological, neurodegenerative, and age-related
dysfunctions (Ramakrishna, Muddashetty, 2019; Wingo et
al., 2020; Wu, Kuo, 2020). Coverage of these issues requires
a separate review. However, it is important to note that there
is an increasing number of predictions regarding the pos-
sibility of therapeutic treatment of a number of cognitive
impairments by influencing microRNA biogenesis (Cao,
Zhen, 2018; Paul et al., 2020; Wingo et al., 2020). Optimism
in this area is determined by the emergence of new genome
editing technologies using the CRISPR/Cas9 system adapted
to microRNA (Aquino-Jarquin, 2017). In addition, CRISPR-
Cas9 systems have been developed, which allows editing of
the genome in a specific cell population without affecting
other organs and tissues (Hirosawa et al., 2017; Hoffmann
et al., 2019). These technologies are especially important
in studying the mechanisms of the central nervous system
functioning and the prospects for therapeutic intervention
in the pathogenesis of brain diseases.

On the other hand, it has been known for a long time that
cognitive processes can be improved through intensification
of cognitive processes, fine motor movement work or physi-
cal exercise. In recent years, it has been shown that mental
and physical activities improve the epigenetic processes in-
volved in formation of LTM and protect neurons from death.
For example, running exercise helps to improve memory
in mice with traumatic brain injury (Hu T. et al., 2015). At
the same time, there is a decrease in the content of miR-21
and an increase in the number of branch points of the hip-
pocampal neurons. Physical exercise also improves the
cognitive function in aged mice (Jessop, Toledo-Rodriguez,
2018). The process involves miR-137, which is associated
with good memory and neurogenesis in adults (the rate of
neurogenesis decreases with age). In addition, the possibility
of improving aging-related memory decline by enriching the
environment (a combination of cognitive training and phy-
sical exercise) has been shown (Jawaid et al., 2019). In this
case, an increase in the biogenesis of the miR-183/96/182
cluster is stimulated, which is closely associated with hip-
pocampus-dependent memory. Environmental enrichment
also attenuates mild cognitive impairment by activating the
SIRT1/miR-134 signaling pathway in the hippocampus, fol-
lowed by ultrastructure changes of synapses and dendritic
remodeling (Shen et al., 2019). Moreover, it has been shown
that an environmental enrichment is capable of enhancing
synaptic plasticity and cognition even in the next generation,
with sperm RNA, and especially miRs 212/132, mediating
the effect (Benito et al., 2018). Widely available ways to
improve cognitive abilities are shown in Fig. 2.

Mental work, physical exercise, manual creativity, light
stress, good sleep and a good mood are able to protect
neurons from death and improve cognitive processes via
epigenetic mechanisms on chromatin remodeling and
miRNA expression.
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Fig. 2. Ways to improve cognitive abilities.

Conclusion

Thus, miRNAs are widely involved in the regulation of gene
expression required for the long-term memory formation.
Further study of ways to regulate microRNA activity in in-
dividual cell populations, as well as detailed study of their
targets using bioinformatics analysis methods, will help to
better understand the molecular genetic basis of long-term
memory and potentially to develop methods of treatment in
case of cognitive dysfunctions in neurodegenerative patho-
logies and senile dementia.
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Evaluation of various RNA-seq approaches for identification
of gene outrons in the flatworm Opisthorchis felineus

N.L Ershov!®, D.E. Maslov2, N.P. Bondar! 2
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Abstract. The parasitic flatworm Opisthorchis felineus is one of the causative agents of opisthorchiasis in humans.
Recently, we assembled the O. felineus genome, but the correct genome annotation by means of standard meth-
ods was hampered by the presence of spliced leader trans-splicing (SLTS). As a result of SLTS, the original 5’-end
(outron) of the transcripts is replaced by a short spliced leader sequence donated from a specialized SL RNA. SLTS
is involved in the RNA processing of more than half of O. felineus genes, making it hard to determine the structure
of outrons and bona fide transcription start sites of the corresponding genes and operons, being based solely on
mRNA-seq data. In the current study, we tested various experimental approaches for identifying the sequences of
outrons in O. felineus using massive parallel sequencing. Two of them were developed by us for targeted sequenc-
ing of already processed branched outrons. One was based on sequence-specific reverse transcription from the
SL intron toward the 5’-end of the Y-branched outron. The other used outron hybridization with an immobilized
single-stranded DNA probe complementary to the SL intron. Additionally, two approaches to the sequencing of
rRNA-depleted total RNA were used, allowing the identification of a wider range of transcripts compared to mRNA-
seq. One is based on the enzymatic elimination of overrepresented cDNAs, the other utilizes exonucleolytic deg-
radation of uncapped RNA by Terminator enzyme. By using the outron-targeting methods, we were not able to
obtain the enrichment of RNA preparations by processed outrons, which is most likely indicative of a rapid turnover
of these trans-splicing intermediate products. Of the two rRNA depletion methods, a method based on the enzy-
matic normalization of cDNA (Zymo-Seq RiboFree) showed high efficiency. Compared to mRNA-seq, it provides an
approximately twofold increase in the fraction of reads originating from outrons and introns. The results suggest
that unprocessed nascent transcripts are the main source of outron sequences in the RNA pool of O. felineus.

Key words: opisthorchiasis; spliced leader trans-splicing; outron; start of transcription; transcriptome; ribosomal
RNA.
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Arnipo6aiius pa3anuyHbiX BapuaHToB RNA-seq I/151 naeHTUUKaLUN
ayTPOHOB I'eHOB V IJIOCKOT0 uepBsi Opisthorchis felineus
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! DepepanbHbIit ccneaoBaTenbCKMil LEHTP VIHCTUTYT LMTONOTUM 1 reHeTukn CUBUPCKOro oTaeneHns Poccuiickoii akagemun Hayk, Hosocu6upck, Poccus
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AHHoTauyus. Opisthorchis felineus — npeacTaBUTeNb Napa3MTUUECKUX MIIOCKUX YepBel, OOUH 13 BO3OyauTenen
onucTopxo3a YesioBeka. HegaBHO Hamm Gbina NnpoBeaeHa cbopka reHoma O. felineus, ogHaKO KOPPEKTHas aHHOTa-
L1A reHOB B 3TOM reHOMe CTaHZaPTHbIMM MeTOAaMM OKasanacb 3aTpyAHeHa Hannumem cnianc-nuaep 3aBncMmoro
TpaHc-cnnancuHra (SLTS). B pesynbtate SLTS ncxofHbin 5'-koHel, (ayTPOH) TPaHCKPUNTOB 3aMeHAETCA KOPOTKOMN
cnnanc-nngepHoON NocnefoBaTeNbHOCTbIO, JOHOPOM KOTOPOW BbICTyNaeT cneyuann3npoBaHHas monekyna SL PHK.
SLTS BoBneueH B npoueccuHr PHK 6onee nonosuHbl Bcex reHos O. felineus, n3-3a 4ero CTaHOBUTCA HEBO3MOX-
HbIM YCTaHOBUTb NMOCNEA0BaTENbHOCTM ayTPOHOB U peabHble CTapTbl TPAHCKPUMLMN COOTBETCTBYIOLNX FEHOB 1
OMNepoHOB, ONMpPaAch TOSIbKO Ha AaHHble MRNA-seq. B HacToswel paboTe mMbl NpoBeny anpobaunto pasnnyHbIX
SKCMEePUMEHTaNbHbIX MOAX0N0B ANA naeHTUdMKauuy nocnegosatenbHocTel ayTpoHos y O. felineus ¢ nomoLybto
MaccoBOrO MapanenibHOro CeKBeHNPOBaHUA. [1Ba noaxoaa O6binM CnnaHMpPOBaHbl HaMK ANA NPULENBHOTO CEKBe-
HMPOBAHUA NMPOLLECCMPOBAHHbIX Pa3BETBNEHHDBIX ayTPOHOB. [epBbIl 3aKNoYanca B CUKBEHC-CNeLMUYHON obpaT-
HOW TpaHCKpUNUmK ¢ SL-MHTpoHa B HampaBneHnn 5'-KoHLUa ayTpoHa. Bo BTopom ucnonb3oBanach rubpransaumsa
ayTPOHOB C UMMOOUIM30BaHHbIM ofHoLenoyeyHbiM JHK-30HOOM, KOMNieMeHTapHbIM SL-MHTPOHY. Takxke 6bln
MCMNONb30BaHbl f1Ba NOAX0Aa K CEKBEHMPOBaHMIO ToTanbHoin PHK, o6eaHeHHol no pPHK, no3sonaowmnx ngeHTu-
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Evaluation of various RNA-seq approaches for identification
of gene outrons in the flatworm Opisthorchis felineus

duumpoBaTb 6onee WNPOKMI CNeKTp TpaHcKpunToBs, yeM MRNA-seq. OfViH 13 HUX OCHOBaH Ha GbepMeHTaTUBHOM
3NUMMHaLMKN nepenpencTaBnenHblx KOHK, apyron — Ha depmeHTaTMBHON Aerpagauum HekanmpoBaHHbIX PHK
3K30HYyK/ea3ow Terminator. C MOMOLLbIO CENTEKTUBHbIX METOOB HaM He yAanocb MoslyuYnTb oboralieHna npenapa-
ToB PHK no npoueccrpoBaHHbIM ayTPOHaM, YTO, Hanbonee BEPOATHO, CBA3AHO C KOPOTKMNM BPEMEHEM »KMU3HU ITUX
NPOMEXXYTOUHbIX MPOAYKTOB TPaHC-cnnancuHra. M3 asyx metopos obeaHeHnA no pPHK BbicoKyio 3$ppeKTMBHOCTL
nokasasn MeTof}, OCHOBaHHbI Ha depmeHTaTBHOM HopManu3auun KAHK (Zymo-Seq RiboFree). OH no3sonun npu-
MepPHO BABOE YBENNUNTb JOJIIO MPOYTEHUIA, COOTBETCTBYIOLLUX ayTPOHAM 1 MHTPOHaM, No cpaBHeHuIo ¢ MRNA-seq.
MonyyeHHble pe3ynbTaTbl NPeAnonaratT, YTO OCHOBHbIM PeCypcoM nociefoBaTenbHOCTeN ayTPoHoB B nyne PHK
O. felineus cny»aT HOBOCUHTE3VMPOBAHHbIE HEMPOLECCMPOBAHHbIE TPAHCKPWMTBI.

KnioueBble cioBa: ONMCTOPXO03; CNANC-nuaep 3aBUCUMbINA TPAHC-CNIANCUHT; ayTPOH; CTapT TPaHCKPUMLMUK; TPaHC-

Kpuntom; pubocomanbHana ppaxuma PHK.

Introduction

Opisthorchis felineus is a representative of parasitic flat-
worms (Trematoda: Opisthorchiidae), which has a complex
life cycle with two intermediate hosts and the mammalian
definitive host, including humans (Beer, 2005). Opisthor-
chiasis caused by parasitism of this fluke in the bile ducts of
the human liver has a chronic course and leads to a number
of serious concomitant disorders of the hepatobiliary system,
including cholangitis, cholecystitis, pancreatitis, and is also a
risk factor for the development of cholangiocarcinoma (Sripa
et al., 2007; Pakharukova, Mordvinov, 2016; Pakharukova
et al., 2019). According to WHO study, more than 1 million
people estimated to be infected with O. felineus, with the
largest focus of opisthorchiasis located in the Ob-Irtysh basin,
Russia, with the incidence in some regions of the Tomsk and
Tyumen regions up to 60 % (FAO/WHO, 2014; Fedorova et
al., 2018).

One of the necessary steps to study the biology of this
flatworm, and the corresponding development of molecular
genetic approaches to the diagnostics and pharmacotherapy of
opisthorchiasis, was to obtain a reference genome assembly
and its annotation (Ershov et al., 2019). However, the existing
gene annotation based on polyA-mRNA-seq data, which is
commonly used for this task, has significant drawbacks due to
one of the features of RNA processing in flatworms — spliced
leader trans-splicing (SLTS). During SLTS, the exons of two
independent transcripts are fused: a specialized short capped
spliced leader RNA (SL RNA) carrying a 5'-splice site, and
one or the other pre-RNA with a corresponding 3'-site (see
Fig. 1, b). At the same time, the original 5'-region of the
pre-RNA, together with the SL RNA intron attached to its
branchpoint through the 2'-5'-phosphodiester bond, is excised
(Murphy et al., 1986; Sutton, Boothroyd, 1988). It is assumed
that this Y-branched product (Y-outron) undergoes rapid de-
branching and degradation (Sutton, Boothroyd, 1988; Lasda,
Blumental, 2011). Thus, in the polyA-mRNA-seq data, the
sequences of excised outrons are practically absent, and with
them, localization of the actual transcriptional start sites and
promoters of the corresponding genes, as well as information
on the operonic organization of gene groups, becomes inac-
cessible. It should be noted that due to SLTS, a large group
of experimental methods for identifying transcription starts
based on selective sequencing of the capped 5’-ends of RNAs
is also ineffective.

According to our estimates, products of more than half of
all genes in the O. felineus genome undergo trans-splicing (Er-
shov et al., 2019). Thus, the correct annotation of such genes
requires alternative high-throughput sequencing methods for
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large-scale identification of outrons. Most often, to describe
gene outrons, researchers combine information on transcrip-
tion initiation sites obtained by such methods as GRO-seq,
GRO-cap, ChIP-seq to RNA polymerase 11, with data on SLTS
sites detected by mRNA-seq (Chen et al., 2013; Kruesi et al.,
2013). In this way, the region of the genome from the start
of transcription to the 3'-site of the SLTS is accepted as an
outron. It should be noted that most of the mentioned methods
require a large amount of starting biological material and, in
the case of a small size of individuals, is suitable mainly for
organisms cultured in the laboratory. There are few known
examples when it was possible to detect outrons directly by
RNA sequencing methods. Thus, in one of the studies on
C. elegans, growth of individuals at low temperature led to
the accumulation of unprocessed transcripts, which made
it possible to detect the 5’-ends of outrons by SAGE of the
nuclear fraction of RNA (Saito et al., 2013).

On non-model organisms, including trematodes, RNA-seq
“SL Trapping” methods have been successfully used for direct
massive detection of trans-spliced mRNAs, based on selec-
tion for the universal 5'-sequence of processed transcripts,
the SL exon (Nilsson et al., 2010; Boroni et al., 2018). Since
all Y-outrons similarly contain the universal 3'-sequence of
the SL intron, it seems attractive to use this property for se-
lective identification of outrons and symmetric confirmation
of SLTS sites. In addition, direct identification of Y-outrons
would serve as direct evidence of the generally accepted
mechanism of SLTS on a large sample of genes.

In the current study, to identify O. felineus outrons, we
evaluated two candidate approaches based on targeted enrich-
ment for Y-outrons, in one case, by sequence-specific reverse
transcription primed from the SL intron towards the 5'-end of
the outron, in the other — by hybridization of Y-outrons with
an immobilized single-stranded DNA probe complementary
to the SL-intron. In addition, two approaches to sequencing
of rRNA-depleted total RNA that do not use hybridization
probes were used as an alternative: one that use rRNA cleavage
by Terminator exonuclease, and the commercial Zymo-Seq
RiboFree kit based on enzymatic normalization of cDNA. The
proportion of sequences containing outrons in these libraries
should certainly be higher than in standard polyA-mRNA-seq
libraries.

Materials and methods

Biomaterial. Adult O. felineus worms were isolated from
the bile ducts of golden hamsters Mesocricetus auratus after
3—4 months after infection with metacercariae obtained from
the tissues of naturally infected fish (Leuciscus idus) from the
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Ob river. The worms were washed in saline buffer and used
immediately or frozen and stored at —80 °C.

RNA isolation. RNA was isolated from fresh or frozen
O. felineus samples using PureZOL (BioRad, USA) accord-
ing to the manufacturer’s protocol. Precipitation of RNA was
carried out by adding an equal volume of isopropanol and 5 pg
of linear polyacrylamide (LPA) as a co-precipitant; the result-
ing solution was left overnight at —20 °C. The precipitate was
dissolved in bidistilled water, and additional purification of
samples was carried out using an Aurum total RNA mini kit
(BioRad, USA), including a stage of treatment with DNase 1.
The quality and amount of isolated RNA was assessed using
a NanoDrop 2000 spectrophotometer.

Terminator exonucleolytic cleavage. Total RNA was
treated with Terminator enzyme (5'-Phosphate-Dependent
Exonuclease, Epicentre, USA) according to the manufacturer’s
protocol. The reaction mixture contained 500 ng of total RNA,
1 pl of RiboLock (ThermoFisher Scientific, USA), 2 ul of
10x buffer A, 1 U of Terminator exonuclease. The reaction
volume was brought up to 20 pl with bidistilled water. The
sample was incubated for 60 min at 30 °C, the reaction was
stopped by the addition of 1 ul of 100 mM EDTA. The pro-
ducts of the reaction were purified using Agencourt RNAClean
XP beads (Beckman Coulter, USA). The decrease in the
amount of ribosomal RNA was checked on an Agilent 2100
Bioanalyzer using an RNA 6000 Pico chip.

Isolation of RNA fraction enriched in Y-outrons (SLi-
BC). A biotinylated ssDNA probe ([biotin-TEG]-5'-GGC
TAGCCAAATAATTCATCCGACCATAGGCCGGAGTC
GATTCTT-3") was immobilized on magnetic beads (Dyna-
beads M-280 Streptavidin, Invitrogen, USA) in accordance
with the manufacturer’s protocol, monitoring the approximate
correspondence of the amount of bound probe to the declared
binding capacity (~200 pmol/mg). 1 pg of RNA in a buffer for
hybridization (1 M NaCl, 5 mM Tris-HCI (pH 7.5), 0.5 mM
EDTA, 0.1 % Tween-20) was added to the magnetic beads
covered with a DNA probe and incubated with constant stirring
according to the following protocol: 75 °C for 2 minutes, then
the temperature was lowered by 1 °C/min to 55 °C and fixed
for 15 min at 55 °C. The particles were washed three times
with warm (50 °C) buffer. 10 pl of water was added to the
particles and heated to 94 °C for 5 min. The RNA-containing
solution was collected in a clean tube and the reverse tran-
scription reaction was carried out immediately. For the reverse
transcription reaction, 200 U RevertAid Reverse Transcriptase
(ThermoFisher Scientific, USA) and random hexamers were
used. The reaction was carried out under the following condi-
tions: 5 min at 25 °C, 60 min at 42 °C, and 5 min at 70 °C.
The resulting cDNA was used to prepare the library.

Reverse transcription reaction with sequence-specific
primers (SLi-RT). The thermostable Maxima H Minus Re-
verse Transcriptase (ThermoFisher Scientific, USA) was used
for the reverse transcription reaction. The reaction mixture
containing 300 ng RNA, 2 pmol of a specific primer to the
SL-RNA intron (SLi_rl1, 5'-AGGCCGGAGTCGATTCTT-3'),
I pl 10 mM dNTP, 4 pl 5 M betaine, was incubated for
2 min at 75 °C, then the temperature was lowered at a rate
of 2 °C/min to 55 °C; 20 U RiboLock RNase Inhibitor and
100 U Maxima H Minus Reverse Transcriptase were added
and the mixture incubated for 30 min at 55 °C and for 5 min

2020
248

Anpobauusa pasnunyHbix BapnaHtoB RNA-seq ansa naeHTrdmnkaymmn
ayTPOHOB reHoB Yy nnockoro yepsa Opisthorchis felineus

at 85 °C to inactivate the reaction. The resulting cDNA was
used to prepare the library.

Evaluation of Y-outron enrichment of SLi-RT and
SLi-BC cDNA samples using real-time PCR (RT-PCR). To
assess the enrichment for Y-outrons during the elaboration of
the SLi-BC and SLi-RT protocols, RT-PCR with primers to
the outron (MMCE ou f: 5'-CCTGGCGACACACATCTG
AA-3', MMCE ou r:5-ACATGGACATGGCTGAAGCA-3")
and exons (MMCE ex f: 5'-TGCAACCTCTCTTGTGTT
CCT-3', MMCE ex r: 5'-CCACCTGGACACCGAATG
TAT-3") of the mmce gene was carried out (Supplementary
Material 1)!. Enrichment was calculated by the AAC; method
as the change in the difference of outron from exon between
control and selected cDNA. The control was cDNA obtained
by reverse transcription of total RNA primed from random
hexamers. In the case of SLi-RT, the selected cDNA was ob-
tained by reverse transcribing the total RNA from the SLi rl
primer, and in the case of SLi-BC, by converting the enriched
RNA fraction using random hexamers.

PCR was carried out in a 20 pl reaction mixture contain-
ing 0.25 mM dNTP, 2 uL 10X PCR buffer B+EVAGreen,
2.5 mM MgCl,, 10 pmol of each primer, 2 pul cDNA sample,
0.3 U/ul SynTaq DNA polymerase with antibodies inhibit-
ing polymerase activity (Syntol, Russia). The reaction was
carried out with preheating to 95 °C for 5 minutes followed
by 39 amplification cycles including denaturation at 95 °C
for 15 seconds, primer annealing and elongation at 60 °C for
20 seconds. Melting curves were acquired within the tem-
perature range 65 to 95 °C. All reactions were performed in
two technical replicates.

Library preparation. To prepare RNA-seq libraries after
Terminator treatment, NEBNext Ultra II Directional RNA
Library Prep Kit for [llumina (NEB, USA) was used accord-
ing to the standard protocol. To prepare libraries from cDNA
samples obtained by the SLi-BC and SLi-RT protocols,
NEBNext Ultra II Directional RNA Library Prep Kit for II-
lumina was used, starting from the stage of the second strand
cDNA synthesis. Fragmentation of the cDNA was performed
using the dsDNA Fragmentase enzyme simultaneously with
the repair of the DNA ends. Fragments of the required length
were selected using Agencourt AMPure XP beads, after which
several cycles of library amplification were performed.

rRNA-depleted RNA-seq libraries were prepared using
the Zymo-Seq RiboFree Total RNA Library Prep Kit (Zymo
Research, USA) according to the standard protocol. 500 ng of
total RNA was used in the reaction; depletion after renaturation
was carried out for 60 min.

The size and quantity of the resulting libraries was deter-
mined using an Agilent 2100 Bioanalyzer (Suppl. Material 2).
The resulting libraries were sequenced in paired-end mode
(2%250 bp) on the Illumina MiSeq platform (the service was
provided by Vector-Best, Russia). Raw sequencing data has
been deposited in the open-access repository Zenodo (Ershov,
2020). Previously published mRNA-seq data used in the study
are available in the NCBI repository (PRINA257351).

Computational processing of sequencing data. Sequenc-
ing data in the FASTQ format was processed using the Cut-
adapt software (Martin, 2011) to remove adapter sequences

1 Supplementary Materials 1-3 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/SupplErshov_engl.pdf
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and mapped to the O. felineus reference genome (GenBank ID
GCA_004794785.1) using the STAR aligner (Dobin et al.,
2013). The annotation of genomic elements was constructed
using the corresponding gene annotation and previously
obtained genome-wide data on positions of trans-splicing
sites (Ershov et al., 2019) using in-house Perl scripts. The
assembly of the genomic rRNA repeat was carried out manu-
ally using the data of genomic DNA sequencing (Ershov et
al.,2019). The boundaries of rRNA genes in the genome were
determined using the Rfam database (https://rfam.xfam.org)
and the RNAmmer tool (Lagesen et al., 2007). Read counts
in the defined genomic intervals were computed using the
featureCounts tool from the Subread package (Liao et al.,
2019). Statistical processing and graphical data visualization
were carried out in the R environment.

Results and discussion

Description of the approaches

At the moment, we have not been able to find any reference in
the literature to experimental methods for the direct massive
identification of Y-outrons in the transcriptome. Upon exami-
nation of the previously obtained O. felineus mRNA-seq data
(Ershov et al., 2019), we found that the 5'-regions upstream
of the trans-splicing site (potential outrons) of many genes
have the same weak read coverage as their introns (Fig. 1, a),
despite the depletion of non-coding and unprocessed tran-
scripts as a result of polyA selection. In total, about 0.15 %
of mRNA-seq reads were mapped to outronic regions (5 kb
upstream of the site) of trans-spliced transcripts (on average
with 0.8-fold coverage). The source of such outronic reads
can be: (1) unprocessed nascent pre-RNA, (2) Y-outrons —
intermediate Y-branched byproducts of trans-splicing, as well
as (3) products of their further debranching, which lack the
covalently bound SL-intronic arm (see Fig. 1, b). We assumed
that the amount of Y-outrons (2) in the total RNA pool could
potentially be sufficient for its isolation by targeted enrich-
ment methods.

The possibility of targeting Y-outrons is due to the pre-
sence of a universal sequence — an SL-RNA intronic arm,
covalently bound at a branchpoint to outron of pre-RNA (see
Fig. 1, b). Using this property, we have developed two different
approaches to direct selection of Y-outrons. The first, desig-
nated SLi-RT (SL-intron Reverse Transcription), is a targeted
reverse transcription from the 2’-arm (SL-intron) towards the
varying 5’-end of the outron (see Fig. 1, ¢). It is known that
M-MLYV reverse transcriptase lacking RNase H activity, when
primed from the 2'-arm, is able to quite frequently bypass the
branchpoint with the introduction of single-mismatch errors
and successfully reverse the 5'-segment (Bitton et al., 2014;
Déring, Hurek, 2017). Among the expected drawbacks of
the method are the reduced efficiency of such reverse tran-
scription, the accumulation of products of mispriming, and
the underrepresentation of the 5'-regions of outrons due to a
frequent accidental termination of the first strand cDNA syn-
thesis. In accordance with the latter, the choice of enzyme and
high temperature reaction conditions, including hot start, were
optimized for maximum processivity and synthesis specificity.

The second approach, SLi-BC (SL-intron Biotin Capture),
is based on hybridization of the 2’-arm of outrons with a
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biotinylated single-stranded DNA probe homologous to the
SL intron, followed by immobilization and purification of
the corresponding fraction on magnetic particles coated with
streptavidin (see Fig. 1, d). This approach should be more
sensitive to the proportion of the target within the total RNA
sample, but it has a better chance of identifying full-length
outrons.

Both approaches are aimed at the intact Y-structure of the
processed outron and therefore would allow differentiating
them from fragments of nascent transcripts that did not un-
dergo trans-splicing. In addition, we also applied two methods
for sequencing of the rRNA-depleted total RNA, that allow
identification of noncoding transcripts, including introns and
outrons. At the same time, since O. felineus is a non-model
species, available depletion kits based on hybridization with
rRNA probes are not applicable. We therefore tested a pro-
tocol for treatment of total RNA with the Terminator exo-
nuclease, which specifically hydrolyzes nucleic acids with a
phosphorylated 5'-end (including rRNA), but does not affect
capped transcripts. Alternatively, we applied the commercial
Zymo-Seq RiboFree protocol, based on DSN-normalization
of RNA:DNA hybrids immediately after the synthesis of the
first cDNA strand, as a result of which all overrepresented
transcripts, including globins and rRNA, are hydrolyzed.
Unlike the first two, these methods do not make it possible to
distinguish the processed outrons from their precursors — un-
processed and nascent transcripts, and therefore cannot serve
as direct evidence of the trans-splicing event.

The sequences of the previously identified intact SL-RNA
(Ershov et al., 2019) were used to design the corresponding
primers and oligonucleotide probes. Optimization of the en-
richment conditions for Y-outrons in the SLi-BC and SLi-RT
methods was controlled by RT-PCR with primers to the outron
and exons of the mmce gene, the trans-spliced product of which
is not polycistronic and is among the most highly expressed
transcripts (see Suppl. Material 1). The enrichment was cal-
culated as the difference of ACt (outron, exon) between the
control and the enriched cDNA samples. In the case of cDNA
samples used for the subsequent preparation of the SLi-BC
and SLi-RT libraries, there was 4- and 100-fold enrichment
in the outron region relative to the mmce exons, respectively
(see Suppl. Material 1, B).

RNA-seq libraries were prepared from the RNA or cDNA
samples obtained by various methods and then sequenced
with low coverage, which gives a reasonable indication of
the overall performance for enrichment or depletion of target
sequences.

Residual rRNA content in libraries

To compare the applied approaches against the standard
mRNA-seq method, the obtained sequencing data from five
libraries were mapped to a reference genome supplemented
with an rRNA repeat sequence. Since the latter repeat had a
sufficiently high coverage in all libraries, it turned out to be
useful not only for assessing the efficiency of rRNA depletion,
but also for assessing the strand-specificity of the resulting
libraries (Fig. 2). Of the libraries, only TerminatorExo had a
relatively low degree of strand-specificity (68 %). Interes-
tingly, each of the libraries was characterized by its own
specific RNA coverage profile. It is worth mentioning that,
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Fig. 1. The presence of outronic sequences in the polyA-mRNA-seq data of O. felineus and the graphical overview of the proposed RNA-seq methods
for targeted identification of Y-outrons.

a - an example of read coverage of an outronic region of a trans-spliced gene (Vps39/) in mRNA-seq data of O. felineus adult worm. The arrow indicates the con-
firmed trans-splicing site; b — a schematic overview of trans-splicing of pre-RNA with the formation of an Y-branched outron containing an SL-intron arm, and
its subsequent degradation with the participation of Dbr1; c - scheme of reverse transcription primed from the SL-intron within the Y-outron, used in the SLi-RT
approach; M-MLV RT, M-MLV [H-] reverse transcriptase; d - scheme of hybridization of a single-stranded DNA probe modified with 5-biotin-TEG, with an SL-intron
within the Y-outron, and subsequent purification on magnetic beads coated with streptavidin.

< 9Kb

Y

SLi-RT [20.16 %]

SLi-BC [63.07 %]

TermExo [60.62 %]

Zymo-Seq [1.73 %]

mRNA-seq [6.47 %]

SSU_rRNA_eukarya_RF01960 28s_rRNA

> E > E BEA > B > B > E B > >
18s_rRNA 5_8S_rRNA_RF00002 LSU_rRNA_eukarya_RF02543

Fig. 2. Coverage profiles of genomic rRNA repeat containing 18S, 5.8S, 2850, and 2853 rDNA.

Coverage profiles with antisense and sense cDNA reads are highlighted in blue and red. In the designations of the libraries, the percentage
of reads mapped to the rRNA repeat is indicated in square brackets. The dark green lines mark the 5-regions of rRNA that are most sus-
ceptible to hydrolysis by the Terminator exonuclease. The bottom track shows the positions of the rRNA genes predicted by the Rfam and
RNAmmer 1.2 services, indicating the hidden break locus of the 28S rRNA (green).
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Fig. 3. Representation of various genomic elements in the RNA-seq data produced by different approaches.

a - fractional distribution of mapped reads across 11 categories of genomic elements; b- chart showing normalized read counts in each of
the 9 genomic categories (excluding mtRNA and rRNA). Values are normalized to total category length and sequencing depth (similar to
TPM metric). The dashed line indicates the expected level of values under the condition of uniform genome coverage.

for a large number of protostomes, 28S rRNA is additionally
processed at the “hidden break™ site with the formation of
approximately equivalent in size 28Sa and 28SP fragments
(Ishikawa, 1977). This feature is also observed for O. feli-
neus: a coverage drop in the 28S rRNA (see Fig. 2) and
a single rRNA peak in the electropherogram (see Suppl. Ma-
terial 2).

The observed distribution of the few rRNA reads of the
Zymo-Seq library in comparison with mRNA-seq (1.7 and
6.5 % of reads, respectively) reflects extremely effective sub-
tractive depletion in the most overrepresented regions of this
repeat.

The TerminatorExo library profile indicates a fairly effective
initial enzymatic degradation of the 5’ regions of 18S, 28Sa,
and 28SP rRNA (see Fig. 2, marked with green lines), which,
however, rapidly fades away at certain sites. This is probably
due to the sensitivity of the enzyme to the complex tertiary
structure of the substrate, or to the frequent hydrolysis of
rRNA at these sites with the formation of 5’-OH ends, which
protect against further exonucleolytic cleavage by the enzyme.
Consequently, the resulting TerminatorExo library contained
about 60 % of rRNA reads.

Targeted enrichment methods SLi-BC and SLi-RT also
showed high levels of background rRNA (63.1 and 20.2 %).
Namely, the SLi-RT library contained mainly the product of
off-target reverse transcription from the 3'-region of 28Sa
rRNA. Since the 3'-region of 28Sa rRNA can potentially
form a stable hairpin (according to the secondary structure
predicted by the RNAfold service, Suppl. Material 3), it is
likely that such a structure determines the priming of reverse
transcription without any participation of the SLi rl primer.

9202

Representation of various genomic features

in sequenced libraries

For the mapped data, we analyzed the distribution of reads
across various mutually exclusive groups of genomic elements
in the following priority order: rRNA repeats, mtDNA, exons,
introns, promoter or outron regions (1 and 5 Kb upstream of
the 5'-end of the predicted gene) and intergenic loci. The calcu-
lation was carried out separately for genes undergoing highly
efficient trans-splicing (SL) and for all other genes (TR). As
can be seen from the results presented in Fig. 3, a, in the Ter-
minatorExo, SLi-BC and SLi-RT libraries, the overwhelming
proportion of reads is represented by the uninformative rRNA
fraction and the category of intergenic loci. In contrast, in the
Zymo-Seq and mRNA-seq libraries, more than 60 % of the
reads are mapped to exons of the annotated genes.

If we exclude the rRNA and mtRNA groups from con-
sideration (see Fig. 3, b), the distribution of read counts
across categories of genomic elements, normalized to the
total length of the latter, turns out to be quite similar for the
mRNA-seq, SLi-BC, TerminatorExo, and Zymo-Seq libraries.
The SLi-RT library generally reproduces a random (uniform)
distribution of reads across the genome. Obviously, SLi-RT
contains mainly noise, which was probably originated from
genomic DNA, despite the identical DNase treatment of all
RNA samples. It is worth noting that this library contained
227 (0.12 %) read pairs containing the SLi rl primer at the
beginning of the fragment (next to the adapter sequence).
These target sequences were expected to be overrepresented
in the SLi-RT library. Although they most likely do not belong
to genuine Y-outrons, their presence confirms the efficiency
of the primer in the reverse transcription reaction.
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Fig. 4. Enrichment of the libraries by outronic sequences.

a - barplot of the enrichment in introns and outrons of trans-spliced genes (SL) compared to similar regions of non-trans-spliced genes
(TR). The coverage is normalized to the total length of the categories; b — profiles of the total normalized coverage of potential outrons in
the genome in each of five libraries. The X-axis shows the distance (bp) from the identified trans-splicing site. The color coding corresponds

to the legend in section a.

It was assumed that in the case of effective enrichment of
libraries by outrons we should observe a significant increase
in the coverage of 5'-adjacent regions of trans-spliced genes
(SL:up_1Kband SL:up_5Kb) relative to the promoter regions
of ordinary genes (TR:up_1Kb and TR:up 5Kb). This enrich-
ment was indeed observed for the SLi-BC, TerminatorExo and
Zymo-Seq libraries, but only in the case of the SL:up 5Kb
category (Fig. 4, a). In contrast, these libraries demonstrated
depletion in potential outrons in SL:up 1Kb. The depletion
is most likely due to the fact that for many “TR” genes their
5'-UTRs are not annotated correctly and therefore a large
number of reads originating from mature mRNAs are falsely
assigned to the TR:up 1Kb category. More revealing is the
comparison with mRNA-seq, in which all three mentioned
methods were more enriched in both categories of outronic
regions. Since the coefficient of enrichment is approximately
the same for the three libraries, it describes just the actual
fraction of outrons in the initial total RNA. Consequently,
the SLi-BC method did not result in preferential selection of
target Y-outron sequences.

Thus, of all the tested methods, only Zymo-Seq protocol
made it possible to significantly get rid of the uninforma-
tive rRNA fraction, while preserving the original fraction of
noncoding transcripts, including outrons. At the same time,
the coverage of outrons compared to exons in the Zymo-Seq
library remains very low (see Fig. 4, b).

Taken together, these results suggest that sequences cor-
responding to outrons including unprocessed or nascent
transcripts and intact or partially degraded Y-outrons, are
represented by a very small fraction in the O. felineus RNA
pool. Apparently, intact Y-outrons make up the smallest part
of them, and therefore the SLi-BC and SLi-RT libraries target-
ing the intact Y-outron structure contained mainly unspecific
noise. Although the mechanism and rate of degradation of
Y-branched trans-splicing products remain unknown, it is as-
sumed that they degrade rapidly (Lasda, Blumenthal, 2011).
Thus, in an in vitro experiment on C. elegans, all trans-splicing
intermediates were observed, except for the Y-branched out-
rons (Hannon et al., 1990).

The main source of noise in the SLi-BC method was the
nonspecific sorption of RNA, while in the SLi-RT method,
it was off-target reverse transcription of rRNA without the

participation of a primer, as well as a minimal admixture of
genomic DNA. The detection of the latter only in this library
once again indicates that the target RNA template was almost
absent in the reverse transcription reaction, namely, outrons
with an intact Y-branched structure.

Conclusion

Thus, of the RNA-seq approaches considered, which theo-
retically allow identification of the outrons of trans-spliced
transcripts, the Zymo-Seq RiboFree approach, which uses
enzymatic cDNA normalization, turned out to be the most
promising. The ineffectiveness of the targeted SLi-BC and
SLi-RT methods is likely due to undetectable amounts of
Y-branched outrons in the total RNA pool.
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Abstract. Sheep pox has a wide geographical range of distribution and poses a threat to sheep breeding worldwide,
as the disease is highly contagious and is accompanied by large economic losses. Vaccines based on live attenuated
virus strains are currently being used for prevention of this disease. Such vaccines are effective, but potentially dan-
gerous because of the possible virus reversion to a pathogenic state. The development of safe recombinant subunit
vaccines against sheep pox is very relevant. The high ploidy level of the plant chloroplasts makes it possible to ob-
tain large quantities of foreign proteins. The purpose of this study was to create transplastomic Nicotiana tabacum
plants producing one of the candidate vaccine proteins of sheep pox virus L1R. A vector containing a deletion variant
of the SPPV_56 gene, which encodes the N-terminal hydrophilic part of the viral coat protein L1R, was constructed
to transform tobacco plastids. It provides integration of the transgene into the trnG/trnfM region of the chloroplast
tobacco genome by homologous recombination. Spectinomycin-resistant tobacco lines were obtained by biolistic
gun-mediated genetic transformation. PCR analysis in the presence of gene-specific primers confirmed integration of
the transgene into the plant genome. Subsequent Northern and Western blot analysis showed the gene expression
at the transcriptional and translational levels. The recombinant protein yields reached up to 0.9 % of total soluble
protein. The transplastomic plants displayed a growth retardation and pale green leaf color compared to the wild
type, but they developed normally and produced seeds. Southern blot analysis showed heteroplasmy of the plastids
in the obtained plants due to recombination events between native and introduced regulatory plastid DNA elements.
The recombinant protein from plant tissue was purified using metal affinity chromatography. Future research will be
focused on determining the potential of the chloroplast-produced protein to induce neutralizing antibodies against
SPPV strains.

Key words: Sheeppox virus; tobacco; Nicotiana tabacum; L1R protein; chloroplasts; transplastomic plants.
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TpaHCIIaCTOMHBIE pacTeHNsI Tabaka, IIPOAYLIMPVIOIIe
ruapo@UIbHBIN JOMeH 6e1Ka 00010ukM L1R Bupyca OCIIbI OBeI]
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AHHoTayusa. Ocna oBel VMeeT WUPOKUiA reorpaduyecknin apean 1 NpeacTaBiseT yrpo3y OBLEBOACTBY BO BCEM
MUpeE, Tak Kak 3aboneBaHne BbICOKOKOHTArMo3HOE U COMPOBOXAAETCA GOMbWMMM SKOHOMUYECKUMUN NOTEPAMM.
B HacToswee Bpems AnA NpodunakTUKy 3Toro 3aboneBaHns NPYMEHAIOTCA BaKLWHbI Ha OCHOBE >KUBbIX aTTeHyu-
POBaHHbIX WTaMMOB BUpYyca. MogobHble BakLUVHbI 3GEKTBHbI, OAHAKO NMOTEHLUMANIbHO OMACHbl U3-3a BO3MOXHOM
peBepcuu BMpyca K NMaToreHHOMY COCTOSIHUIO, MOSTOMY BecbMa aKTyaslbHO co3faHue 6e30MacHbIX PeKOMOVHAHT-
HbIX CyObeAVHUYHbIX BaKLUH NPOTMB OCMbl OBeL. /I3BeCTHO, UTO XIOPOMNIacTbl PacTeHWI B CUNY CBOEN MONMMNO-
MOHOCTU MOTYT HapabaTblBaTb UyepofHble 6enku B 60MbLwmnx KonudyecTsax. Lienbio gaHHOro nccnepaoBaHus 6bino
rosiyyeHune TPaHCMIACTOMHbIX pacTeHuin Tabaka Nicotiana tabacum, CMHTE3UPYIOWMX OAWH M3 KaHAWAATHBIX Bak-
LMHHbIX 6enkoB BUpyca ocnbl oBel L1R. [Ina npoBefeHNs reHeTudyeckoi TpaHchopmaLmy XoponiacToB co3aaHa
KOHCTPYKLWs, obecrneynBatoLlas MHTerpaumio AefeLroHHoro BapraHTa reHa SPPV_56, kopgupytowero N-KoHLEBYIO
rmapodunbHyto YacTb obonoueyHoro 6enka L1R, B MexreHHyto obnactb trnG/trnfM xnoponnacTHoro reHoma Tabaka
nyTem roMosIorMYHoN pekombuHauumn. Metogom 61Mo6anIMCTUKN C MOMOLLBIO <FE€HHOW MYLKM» MOyYeHbl IMHNMW Ta-
6aKa, yCTONUMBbIE K CENEKTUBHOMY aHTUOMOTUKY cnekTuHoMUUMHY. MLP-aHanv3 B NpucyTCTBUN reH-crneumduruHbix
npanMepoB NOATBEPAWS MHTErpaLio LiefIeBO BCTaBKY B PacTUTeSbHbIN reHoMm. Mocneayiole Ho3epH- U BeCTepPH-
6n0T aHanm3bl Nnpenapatos PHK 1 6e51koBbIx 3KCTPAKTOB U3 MOSTyUYEHHbIX PAaCTEHUIA NOKa3anu 3KCNPeccuio LeneBoro
reHa Ha TPaHCKPUNUMOHHOM U TPaHCNIALMOHHOM ypoBHe. CoaepxKaHune peKoMbrHaHTHOro 6enka coctasuno ~0.9 %
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Transplastomic tobacco plants producing the hydrophilic
domain of the sheep pox virus coat protein L1R

oT obLero pacTBoprmoro 6enka. HecmoTps Ha 3agepKy pocTta 1 6onee 6nefHyio OKpacKy NMCTbeB MO CPAaBHEHWIO
C pacTeHUAMM AVKOrO TUMA, TPAHCMIACTOMHbIE PacTeHUsi HOPMarbHO Pa3BMBANNCh 1 3aBA3biBanu cemeHa. OueH-
Ka romornnactugHoct metogom Cay3epHa BblsiBUIA reTepOreHHOCTb MIacTUAHbBIX FEHOMOB MOJTyYEHHBIX PacTeHW,
00yCNOBNEHHYI0 FreHeTUYeCKOV peKoMOUHALMEN MeXay SHAOTEHHbIMU 1 NMPUBHECEHHBIMU B COCTaBe KOHCTPYKLUN
XnoponnactHbiMn  perynatopHbiMm [JHK-nocnepoBatenbHoctamMn. MeTtogom MeTann-apduHHON XxpomaTtorpadum
6bina NpoBeAeHa 0YMCTKa PEKOMOUHAHTHOTO GeNlka 13 PacTUTENbHOW TKaHW. B fanbHenwem nnaHmpyeTca n3yumTb
CMOCOBHOCTb NPOAYLMPYeMOro Xxsioponiactamy 6enka MHAYLMPOBATb BUPYCHeNTpanu3yiolwye aHTUTena npoTms

LWTaMMOB BMpPYyCa OCrbl OBeL.

KntoueBble cnoBa: BUpYC ocnbl oBel; Sheeppox virus; Tabak; Nicotiana tabacum; 6enok L1R; xnoponnacTbl; TpaHCc-

NNacToOMHbIe PaCTEHUA.

Introduction

Sheeppox virus (SPPV) belongs to the Capripoxvirus genus,
a member of the Poxviridae family (Tulman et al., 2002).
The highly contagious sheeppox disease causes significant
economic damage to sheep breeding farms, due to high sheep
mortality rate, especially among young animals. It also de-
crease the productivity of meat and wool, and increase the cost
of veterinary and sanitary measures. The geographic distribu-
tion of sheep pox is very extensive. The disease is endemic in
the Middle East, Central and South Asia, China, Central and
North Africa. Outbreaks of sheep pox are regularly recorded
in the CIS countries, including Russia and Kazakhstan.

Currently available live attenuated vaccines based on
“NISKHI” strain are widely used for the specific prophylaxis
of sheep pox in Russia and the CIS countries (Kurchenko et al.,
1991). Live attenuated vaccines are potentially dangerous and
theoretically capable of recombining to form virulent strains.
As an alternative, recombinant vaccines containing highly
immunogenic coat proteins are effective and safer immu-
nizing drugs. Hepatitis B vaccine produced by incorporating
the surface antigen of the virus into the genome of yeast cells
is an example (McAleer et al., 1984).

Bacterial, yeast, animal, plant and other systems are cur-
rently used for the production of target recombinant proteins.
The main disadvantage of prokaryotic systems is the absence
of post-translational modification of proteins, while yeasts are
characterized by excessive glycosylation of proteins, which
is different from mammalian cells. Animal systems for the
expression of recombinant proteins are extremely expensive
and allow to obtain only small amounts of a pure product
(Demain, Vaishnav, 2009).

Plant-based recombinant vaccine is an attractive alternative
to other systems due to their low cost and absence of human
and animal pathogens. Transgenic plants obtained by nuclear
transformation usually produce low level of foreign protein
(Shchelkunov etal., 2011). Multiplication of transgene copies
in order to increase its expression level often leads to post-
transcriptional silencing (Finnegan, McElroy, 1994).

Expression of transgenes in plastids has several important
advantages over nuclear expression. The content of the recom-
binant protein in chloroplasts is several orders of magnitude
higher compared to nuclear expression and possible to reach
more than 70 % of the total soluble protein (TSP) (Oey et al.,
2009). Other advantages are the absence of transgene silenc-
ing, protection of the target recombinant proteins in plastids
from cellular proteases, integration of the transgene into the
same intergenic region of plastid DNA, and the possibility of
simultaneous expression of several transgenes by combining
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them into one operon. In contrast to nuclear transforma-
tion, transplastomic plants are safer for agrocenoses, since
chloroplasts are not contained in pollen and the transfer of
transgenes to closely related plant species is unlikely (Clarke,
Daniell, 2011).

Works on Dengue viruses, poliomyelitis, the causative
agent of tuberculosis, and smallpox vaccine are examples of
successful production of antigens in transplastomic plants
(Rigano et al., 2009; Daniell et al., 2019; Saba et al., 2019;
van Eerde et al., 2019).

We used SPPV_56 gene in this study, as it encodes an or-
tholog of the well-studied L1R protein of the vaccinia virus,
which was used as a live smallpox vaccine in the 20th century.
The L1R is a membrane protein of the infectious intracellular
mature virion (IMV) and is required for the virus to enter the
cell (Bisht et al., 2008). Bacterially synthesized shortened
form of the L1R protein induced the production of virus-neu-
tralizing antibodies to SPPV in immunized laboratory animals
(Chervyakova et al., 2016) and gave us the reason to consider
it as a candidate subunit vaccine.

The aim of this work is to obtain transplastomic tobacco
plants expressing a deletion variant of the SPPV 56 gene
encoding a protein domain exposed on the outer side of the
virion membrane, which we have chosen as a candidate sub-
unit vaccine and will be designated hereinafter as shL1RA.

Research methods

Development of chloroplast transformation plasmids.
We have cloned a 567 bp fragment of the SPPV 56 gene
(GenBank ID: NP_659632), encoding the N-terminal hydro-
philic part of the shL1R protein, into the pET19b/SPPV_56A
expression vector (Beisenov et al., 2014). Then the deletion
variant of the SPPV gene was sequentially transferred into the
pICH11599, pHK20 and pNT4 plasmids, kindly provided by
prof. H. Warzecha (Germany). The resulting vector was de-
signated pNT4/shL1RA. Thermo produced all enzymes used
in this work. The target gene was under the transcriptional
control of chloroplast elements: the Pr7n promoter of the
ribosomal operon and the TrbcL terminator of the gene for
the large subunit of ribulose bisphosphate carboxylase. The
vector includes the aadA4 marker gene encoding aminoglyco-
side adenylyltransferase, which confers antibiotic resistance
to spectinomycin and streptomycin and allows selection of
transformants. The aadA gene is located between the Prrn
promoter and the plastid psbA4 gene terminator. The flanking
sequences ensure the integration of the transgene into the
trnG/trnfM intergenic region of the chloroplast genome by
homologous recombination.
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DNA sequencing was performed using a commercial Big
Dye® Terminator v. 3.1 kit (Applied Biosystems) according
to the manufacturer’s protocol. Gene-specific 56-for (5'-gcat
catatgggagcagccgctagtat) and 56-rev (5'-gcatgtcgacttatatata
aaattgatatatccgtatcccga) primers were used for reading in both
directions. DNA samples were analyzed on an ABI Prism 310
genetic analyzer (Applied Biosystems).

Chloroplast transformation. We used Nicotiana tabacum
(cv. Petit Havana) leaves for transformation. Tobacco plants
were grown under aseptic conditions in vitro on MS medium
(Murashige, Skoog, 1962) containing 3 % sucrose and 0.7 %
agar. Biolistic was performed using a PDS-1000/He Biolistic
Particle Delivery System (Bio-Rad) gene gun according to a
generally accepted protocol (Svab et al., 1990). Leaf explants
were placed for regeneration on Petri dishes with MS medium
containing 1 pg/ml BAP (6-benzylaminopurine), 0.1 pg/ml
NAA (naphthylacetic acid), and 500 pg/ml of the spectino-
mycin (Sm). The dishes were incubated at 23 °C, with an il-
lumination of 3000 lux and a light regime of 16/8 hours (day/
night). Leaf segments were transferred to Petri dishes with
fresh medium every two weeks. The shoots regenerated for
several months were cut and rooted on MS medium without
hormones and with Sm antibiotic.

DNA isolation. Total DNA were isolated from 100 mg of
tobacco leaves using the DNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s protocol.

Polymerase chain reaction (PCR) for the detection of the
transgene in plants was carried out in the presence of Tag DNA
polymerase (Thermo) and a pair of 56-for/56-rev primers.
A pair of trnH-for/aadA-rev primers (5'-cacaatccactgccttgatec;
S'-agaagaagatcgcttggectc) were used to detect the recombina-
tion variant. 50 ng of total plant DNA was used as a template.
The reaction was carried out in the following temperature
regime: stage 1 — 3 min at 94 °C (1 cycle); stage 2 — 30 sec at
94 °C, 30 sec at 54 °C, 1 min at 72 °C (30 cycles); stage 3 —
5 min at 72 °C (1 cycle).

Western blotting. Protein preparations from plant leaves
were isolated using the Trizol reagent (Sigma) according to the
manufacturer’s recommendations. Protein concentration was
measured relative to known concentrations of bovine serum
albumin (BSA) by M. Bradford method (Bradford, 1976).

We used 15 pg of each sample for the electrophoretic se-
paration of plant proteins in a 12 % SDS-PAA gel according
to the generally accepted method (Laemmli, 1970). Proteins
were transferred to a PVDF membrane (Bio-Rad) after elec-
trophoresis by semi-dry electroblotting in transfer buffer
(102 mM glycine, 25 mM Tris-HCI, 20 % (v/v) ethanol) at a
0.8 mA/cm? current for 1 hour. The membrane was blocked
in 5 % non-fat milk (Sigma) prepared in TBS buffer (10 mM
Tris-HCl pH 7.5, 150 mM NacCl) for 1 hour. Polyclonal rabbit
antibodies specific to the shL 1RA protein (kindly provided by
the Research Institute for Biological Safety Problems, Kazakh-
stan) or mouse antibodies to pentahistidine (5 PRIME) diluted
in blocking buffer in 1:4000 ratio were used as primary anti-
bodies to detect the protein. We used anti-mouse or anti-rabbit
IgG conjugated with horseradish peroxidase (Santa Crus Bio-
technology) and diluted in blocking buffer at 1: 4000 ratio as
secondary antibodies. Incubation with antibodies was carried
out for 1 hour at room temperature. Antibodies were washed
off four times for 5 min with TBST buffer (TBS containing
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0.05 % Tween-20). Chemiluminescent Peroxidase Substrate-3
(Sigma) reagent was used as a substrate. The membranes were
exposed on X-ray film (USA Scientific). Protein content in
tobacco lines was determined densitometrically using the
Image J 1.42 (NIH) program relative to known concentra-
tions of purified shL1RA protein synthesized in bacteria. The
size of the recombinant proteins was calculated using the
GelAnalyzer 19.1 software (www.gelanalyzer.com).

Southern blotting. Total DNA isolated from transplasto-
mic lines and wild-type plants was treated with EcoO1091
restriction enzyme (Thermo), selected as a result of computer
analysis of the nucleotide sequence of tobacco chloroplast
DNA (GenBank ID: Z00044) using the SnapGene program
(www.snapgene.com). The DNA fragments were transferred
onto a positively charged nylon membrane (Macherey-Nagel)
after electrophoresis in 0.8 % agarose gel. Hybridization was
carried out at 42 °C overnight. The probe was a DIG-labeled
PCR product obtained during the amplification of wild-type
DNA using a pair of chl-dir/chl-rev primers (5'-cgacggaga
ggggetecacc; 5'-gaageccctttaccattctgtat). Probe labeling and
detection of bound DNA fragments were performed using
PCR-DIG Probe Synthesis Kit (Roche) and DIG Lumines-
cent Detection Kit (Roche). The membranes were exposed
on X-ray film (USA Scientific).

Northern blotting. RNA were isolated using the Trizol re-
agent (Sigma). 5 ug of RNA was separated by electrophoresis
in a formaldehyde-containing 1.2 % agarose gel, transfered
to a nylon membrane (Macherey-Nagel) and incubated with
a probe at 50 °C overnight. A DIG-labeled PCR product
obtained with the participation of the pNT4/shL1RA plas-
mid and the 56-for/56-rev primer pair was used as a probe.
Probe labeling and detection of hybridization products were
performed with the same reagents used in Southern blotting.

Isolation of recombinant protein from leaves. 1 g of
leaves was ground with a pestle in a mortar with 8 ml of lysis
buffer (50 mM NaH,PO,, 0.3 M NaCl, 2 mM imidazole,
1 % Triton X-100, 15 mM B-mercaptoethanol, 2 mM PMSF,
pH 8.0). The lysate was centrifuged at 10,000 g for 20 min.
1 ml of Ni-NTA agarose suspension (5 PRIME) was added to
the supernatant and the mixture was incubated with shaking
for 1 hour on ice. Afterwards, the resin was washed twice
with 8 ml of wash buffer (50 mM NaH,PO,, 0.3 M NaCl,
20 mM imidazole). The protein was washed out in seven
steps using 7 ml of elution buffer (50 mM NaH,PO,, 0.3 M
NaCl, 250 mM imidazole, pH 8.0). The fractions were pooled,
dialyzed against potassium phosphate buffer (pH 7.0) and
concentrated by ultrafiltration through 3,000 MWCO HY
columns (Amicon).

Results

Genetic construct design and transformation

of tobacco chloroplasts

We cloned the deletion variant of the SPPV_56 gene (includes
the first 567 bp out of 738 bp) into the pNT4 chloroplast vector
in three steps to obtain a vector intended for the transforma-
tion of chloroplasts. At the first stage, the SPPV gene from
the pET19b/SPPV_56A plasmid was transferred using Ncol/
BamH] restriction sites into the pICH11599 vector for transient
expression, that resulted in pICH11599/SPPV_56A plasmid
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PrrnT7g10

pNT4/shL1RA
7358 bp

Fig. 1. Map of the pNT4/shL1RA plasmid.

trnG - glycine tRNA gene; TpsbA - terminator of the plastid psbA gene; aadA -
spectinomycin resistance gene; Prrn — plastid ribosomal operon promoter;
PrrnT7g10 - Prrn fused to the 5’-untranslated region from gene 10 of phage T7;
10x His — a sequence encoding 10 histidine residues; shL1RA is a deletion vari-
ant of the SPPV_56 gene; TrbcL - terminator of the plastid rbcL gene; trnfM -
formyl methionine tRNA gene; ampR and PampR - ampicillin resistance gene
and its promoter, respectively; ori — replication start site; ycf9 - gene coding
protein Z of photosystem Il reaction center; trnS — serine tRNA gene; rps14 -
ribosomal protein S14 gene.

construction. The presence of the Xbal site in the resulting
plasmid made it possible to carry out the subsequent cloning
of the SPPV gene digested with Ncol/Xbal restriction endo-
nucleases into the intermediate pHK20 vector at the Ndel/
Xbal sites. The insert and the vector were treated with Ncol
and Ndel restriction enzymes. Protruding 5'-ends of the DNA
were completed with the Klenow fragment in the presence of
dNTPs. At the third stage, the SPPV_56A gene, the Prrn chlo-
roplast promoter and the TrbcL terminator were transferred
at the Sacl/Hindlll restriction sites into the pNT4 chloroplast
vector. Figure 1 shows a schematic representation of the pNT4/
shL1RA vector, intended for chloroplasts transformation.
Nucleotide sequencing showed absence of any mutations in
the SPPV_56A gene after cloning and the resulting construct
can be used in further work.

The process of obtaining transplastomic plants by the
biolistic method consisted of several stages: bombardment
of whole tobacco leaves with the pPNT4/shL1RA plasmid im-
mobilized on the surface of gold particles, cultivating them on
a medium with hormones and Sm, obtaining calli, selecting
regenerating shoots that are resistant to Sm. Figure 2 shows
the stages of obtaining transplastomic tobacco plants. As a
result, three Sm-resistant shoots were selected from separate
segments of eight shot leaves.
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Transplastomic tobacco plants producing the hydrophilic
domain of the sheep pox virus coat protein L1R

Molecular and genetic analysis of the resulting plants
Plants were screened for the presence of the target gene using
the PCR method. Total DNA preparations were isolated from
the leaves of the tested plants and wild-type plant, which were
analyzed using a pair of gene-specific 56-for/56-rev primers.
The test showed that all three selected lines contained the
SPPV_56A gene of the expected size (567 bp) (Fig. 3, a). The
ability of the resulting lines to express the target gene was
studied at the transcriptional and translational levels. North-
ern blotting of total cellular RNA preparations using a DIG-
labeled probe to the SPPV_56A gene revealed the presence
of two types of recombinant mRNA in all obtained lines (see
Fig. 3, b). Along with the monocistronic transcript, a longer
product was found, apparently due to ineffective transcription
termination, which is generally typical for plastids (Zhou et
al., 2007; Oey et al., 2009).

The ability of transplastomic lines to produce the recombi-
nant shL1RA protein was assessed by immunoblotting using
antibodies to bacterially synthesized shL1RA. The recombi-
nant protein in plant extracts corresponds to the theoretically
expected size of 23 kDa (see Fig. 3, ¢). We also identified
a 46 kDa protein, which, presumably, is a dimeric form of
shL1RA. Comparative densitometric analysis of protein bands
relative to known amounts of purified bacterially synthesized
shL1RA in three independent experiments showed that the
level of recombinant protein in plants reaches ~0.9 % of the
total soluble protein.

Assessment of the homoplasticity of transplastomic plants

To obtain homoplastic plants, each line was subjected to fur-
ther selection in order to eliminate wild-type and select trans-
formed plastids. Leaf segments of the lines were cultivated on
a medium with hormones and antibiotic until the appearance
of secondary regenerants. This procedure was carried out four
times. Then the plants of the T, generation were planted in the
ground for further analysis. Transplastomic lines transplanted
into soil, showed signs of growth retardation and paler leaf
color in comparison with the wild type plants (see Fig. 2, e).
Despite this circumstance, all lines were fertile and formed
viable seeds upon self-pollination.

The homoplasticity of the obtained lines was assessed by
the restriction fragment length polymorphism using Southern
blotting with labeled probe that covered the site of transgene
insertion into plastid DNA between the trnG and trnfM genes
with adjacent regions (Fig. 4, a). Analysis showed, the probe
bound to one 3.2 kb DNA fragment of the expected length
from wild-type plants (see Fig. 4, ¢). In transplastomic lines,
in addition to the expected 5.3 kb fragment we revealed seve-
ral additional fragments (marked in Fig. 4, ¢ with asterisks).
Possibly, plastids heterogeneity revealed in lines is caused
by intermolecular post-transformation recombination be-
tween endogenous and plastid regulatory elements introduced
into the structure: promoters, terminators, 5'-untranslated
sequences. Such cases are described in a number of works
(McCabe et al., 2008; Zhou et al., 2008; Gray et al., 2009). One
of the recombination variants identified in this work (marked
in Fig. 4, ¢ with two asterisks and schematically shown in
Fig. 4, d) serves as evidence of the rearrangements that have
taken place. The fact of recombination between the natural
and introduced plastid TpsbA terminators was confirmed by
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Fig. 2. Stages of creating transplastomic tobacco plants.

a - aleaf immediately after bombardment (microparticles penetration area is marked); b - leaf segments on the medium for regeneration;
¢ - callus formation (marked by arrow); d - regeneration; e - plants planted in the soil (two wild-type plants on the left, two transplastomic
lines on the right).

— 567 bp

Fig. 3. Molecular and genetic analysis of transplastomic plants.

a - PCR analysis of total DNA from various lines with SPPV_56A gene specific primers; b — Northern blotting of total RNA with SPPV_56A
probe (lower gel stained with ethidium bromide reflects the amount of analyzed RNA); ¢ - Western blotting of protein extracts with anti-
bodies against shL1RA.

wt - negative control (DNA from wild-type tobacco plant); 7-3 - analyzed plant lines, M; - DNA marker Gene Ruler 100 bp (Thermo); PC; -
10 ng pNT4/shL1RA; M, — protein marker PageRuler Plus (Thermo); PC, — 20 ng of shL1RA protein purified from bacteria.
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a : 3.2 kb : _ 1kb ﬁ
EcoO109I psbZ  trnG EcoO109I
. l - psaB
trnS trnfM  rps14
h Probe ﬂ
L |
b | 53kb | il
Eco0109I psbZ trnG PrrnT7g10  Trbel Eco0109I
psbC shL1RA
I aadA I I - psaB
trnS TpsbA Prrn trnfM  rps14
C wt 1 2 3
53kb —
32kb — S
d : 5.6 kb : _ 1 kb ﬁ
Eco0109! PrmT7910 TricL Eco0109!
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trnH  TpsbA Prrn trnfM  rps14
> PCR <
e
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1kb —
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Fig. 4. Homoplasmy assessment of transplastomic plants.

a - the region of transgene integration into the plastid genome of wild-type plants; b — the same region in the transplastomic lines;
¢ - Southern blot analysis with probe to the SPPV_56A gene; d — a recombination variant; e - PCR analysis of lines with a pair of

trnH-for/aadA-rev primers.

wt - a wild-type plant; M - DNA marker Gene Ruler 1 kb (Thermo); 7-3 — analyzed lines.

the presence of the 594 bp DNA fragment of the expected
size amplified during PCR analysis with the trnH-for/aadA-
rev primers (see Fig. 4, ). We did not study the rest of the
recombination variants.

Purification of recombinant protein from plant material

The presence of decahistidine at the N-terminus of the recom-
binant shL1RA protein facilitates its further purification by
metal affinity chromatography on Ni-NTA agarose. Prelimi-
nary experiments showed that the addition of the non-ionic de-
tergent Triton X-100 to the extraction buffer provided a higher
yield of the target protein as compared to Tween-20 and SDS.
Figure 5 shows the results of immunodetection of the shL1RA
protein in purified fractions. Protein-containing fractions were
pooled, then dialyzed against potassium phosphate buffer and

9210

concentrated by ultrafiltration. The yield of the recombinant
protein purified from the leaves was 10.3 pg/g.

Discussion

The development of genetic engineering and biotechnology
over the past decades has opened up wide opportunities for
obtaining a new generation of vaccines based on highly im-
munogenic surface antigens of human and animal pathogens.
The plastid and the transient plant expression systems are
cheap source of recombinant proteins for medical and vete-
rinary purposes.

In this work, we described the production of transplasto-
mic plants producing one of the candidate vaccine proteins,
namely the truncated form of the structural L1R protein of
the sheeppox virus. Earlier, we obtained transgenic rapeseed
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Fig. 5. Western blot analysis of fractions eluted from a Ni>*-NTA agarose.

PC - 40 ng of shL1RA protein produced in bacteria; M - protein marker
PageRuler Plus (Thermo); E1- E7 - eluted fractions.

plants with the nuclear localization of the same gene (Beisenov
etal., 2019). The content of recombinant viral protein in rape
plants was about 0.1 % of the TSP. In this study, we managed
to significantly increase the expression of the target gene by
transferring it to the chloroplast genome. The content of the
recombinant protein was about 0.9 % of the TSP. Potentially,
the content of the recombinant protein may be increased by
inserting an artificially synthesized gene with a codon op-
timized for expression in chloroplasts, as demonstrated for
antigens of the human papillomavirus (Lenzi et al., 2008;
Daniell et al., 2019).

Alternative approaches to increasing the protein content are
to increase the copy number of the gene by integration into the
inverted repeat region of the plastid genome, and the addition
of certain N-terminal peptides in the case of unstable recombi-
nant proteins (Bock, 2014). The problem of heterogeneity of
the plants obtained in this work can be solved by reorganizing
the genetic structure intended for transformation. F. Zhou
et al. changed the orientation of the target gene relative to the
aadA gene. As a result, increased distance between the two
Prrn promoters made possible to obtain stable homoplastic
plants producing antigens of the human immunodeficiency
virus at a 40 % of the TSP (Zhou et al., 2008). Nevertheless,
the achieved level of synthesis allows us to isolate a sufficient
amount of protein required for further immunological studies.
We intend to study the ability of the recombinant viral protein
shL1RA purified from plants to induce the production of virus
neutralizing antibodies in laboratory animals.

Conclusion

As aresult of our studies, we have shown the ability to synthe-
size the shortened structural protein shL1R of sheeppox virus
in transplastomic tobacco plants. The recombinant protein can
then be used to develop a subunit vaccine against sheep pox.
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Generation of donor organs in chimeric animals
via blastocyst complementation
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Abstract. The lack of organs for transplantation is an important problem in medicine today. The growth of organs
in chimeric animals may be the solution of this. The proposed technology is the interspecific blastocyst comple-
mentation method in combination with genomic editing for obtaining “free niches” and pluripotent stem cell
production methods. The CRISPR/Cas9 method allows the so-called “free niches” to be obtained for blastocyst
complementation. The technologies of producing induced pluripotent stem cells give us the opportunity to ob-
tain human donor cells capable of populating a “free niche”. Taken together, these technologies allow interspecific
blastocyst complementation between humans and other animals, which makes it possible in the future to grow
human organs for transplantations inside chimeric animals. However, in practice, in order to achieve successful
interspecific blastocyst complementation, it is necessary to solve a number of problems: to improve methods for
producing “chimeric competent” cells, to overcome specific interspecific barriers, to select compatible cell deve-
lopmental stages for injection and the corresponding developmental stage of the host embryo, to prevent apop-
tosis of donor cells and to achieve effective proliferation of the human donor cells in the host animal. Also, it is
very important to analyze the ethical aspects related to developing technologies of chimeric organisms with the
participation of human cells. Today, many researchers are trying to solve these problems and also to establish new
approaches in the creation of interspecific chimeric organisms in order to grow human organs for transplantation.
In the present review we described the historical stages of the development of the blastocyst complementation
method, examined in detail the technologies that underlie modern blastocyst complementation, and analyzed
current progress that gives us the possibility to grow human organs in chimeric animals. We also considered the
barriers and issues preventing the successful implementation of interspecific blastocyst complementation in prac-
tice, and discussed the further development of this method.
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Hcriosnb30BaHMe MeToa 6;1acTOIMICTHO KOMIJIEMEHTAIIN
IJISI TIONTYUYEeHNSI OHOPCKMX OPTaHOB B XMIMEPHbIX JXMBOTHBIX

T.M. Baboukuua®, A.A. lepannckas, M.I1. Momxkux

DepepanbHbii NccnefoBaTeNbCKUIA LEHTP MHCTUTYT LUTONOrMn 1 reHeTukn Cbrpckoro oTaeneHns Poccniickoin akagemum Hayk,
HoBocnbupck, Poccus
&) e-mail: babochkinat@yahoo.com

AHHoTauusa. CerofHa akTyanbHON NPobnemoli B MefuUVHe ABNAETCA HEXBATKa OPraHoB [/A TpaHCMiaHTauui.
OpHa 13 npefnonaraembix TEXHONOMMI NOAYYEHNA STVX OPraHOB — BbIpaLLMBaHME UX 3 KIIETOK YesioBeKa B opra-
HU3Me XMMEPHbIX KUBOTHbIX C NCMONIb30BaHNEM METOLA MEXBULOBOI 6NAaCTOLUCTHOM KOMMIEMEHTALMMN B KOM-
6UHaLUM C MeTofamy TeHOMHOTO PeAaKTUPOBAHUA 1 MOJSTyYeHUA MIPUMNOTEHTHBIX CTBOMOBbIX KeTok. MeTop
CRISPR/Cas9 no3BosnseT co3aBaTb KUBOTHbIX A1 6/1aCTOLUCTHON KOMIMIEMEHTAUMN C TaK Ha3blBaeMbIM/ CBO-
604HbIMM HUWamK. CoBepLUEHCTBOBAHME METOLOB MOJSTYYEHUS NHAYLMPOBAHHBIX MOPUNOTEHTHbBIX CTBOIOBbIX
KMeTOK JaeT BO3MOXHOCTb MOJyyaTh JOHOPCKME KIETKM YenoBeKa, CMOCOOHbIE 3acensTb CBOOOHYO HULLY. TakM
06pa3om, C NOMOLLbIO COBPEMEHHbBIX TEXHONOMMI MOXHO OCYLLECTBUTb MEXBULOBYIO 6MacTOLMCTHYIO KOMMe-
MEHTaLMIO MEXAY YeNOBEKOM U APYrMMU KNBOTHBIMY, YTO B GyayLLEM MO3BOAMT BblpalLMBaTb OpraHbl YesioBeKka
BHYTPU XUMEPHbIX XMBOTHbIX. OfIHAKO Ha NpaKTUKe ANA NPOBeAeHNA YCMELWHON MeXBMAOBON 61aCcTOLMCTHOM
KOMMJIEMEHTaLMN HEOOXOAUMO PELINTb PSAA NPO6GIeM: YCOBEPLLEHCTBOBATb METOAbl MOMYUYEHNUS «XUMEP-KOM-
NMETEHTHbIX KIETOK», MPeOAoseTb cneumdpryeckne MexBuaoBble Gapbepbl, Mofgo6paTb COBMECTUMbIE CTaguu
pPasBUTUA KNETOK AN UHDBEKLMUN U COOTBETCTBYIOLLErO 3Tana PasBUTUA SMOPUOHA-peLnueHTa, NPeaoTBpaTuTbL
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anonTo3 JOHOPCKMX KNETOK, OOUTbCA 3GPEeKTUBHON KONOHM3ALMMN JOHOPCKNMM KIleTKamu YesloBeKa OpraH/i3ma
KMBOTHOTO-pelnnmeHTa. Kpome Toro, odeHb BaXHO MpoaHanu3npoBaTb U 3aKOHOAATENbHO YperynmpoBsaTtb 3Tu-
YecKume acnekTbl, BO3HMKatoLWme Npu pa3paboTke TEXHONOMIA, CBA3AHHbIX C MOSlyYeHMEM XUMEPHbIX OPraHU3MOB
C yyacTmeMm KNeToK yenoseka. MHOrouncneHHble NccnefoBaHrA HanpaBeHbl Ha PELLEHNE STUX NPOGIIEM, a Takxe
Ha MOWUCKM HOBbIX MOAXOLOB B CO3[aHNM MEXBULOBbIX XMMEPHbIX OPraH13MOB C Liefbio BbipallyBaHWsA OpraHoB
yenoeka AfiA TPaHCNNaHTaLUmMi. B HacToAwwem 0630pe onmncaHbl UCToprYeckue 3tarbl pa3BUTUA TeEXHONOrMmn 6na-
CTOLMCTHOW KOMMIeMeHTaLmMK, AeTanbHo pa3obpaHbl METOAbI, iexallme B OCHOBE ee COBPEeMEHHOro BapuaHTa, 1
NpoaHann3nMpoBaHbl AOCTUXKEHUA, MO3BONAOLYE NPUONN3NTLCA K BO3MOXHOCTU BbIPALLMBAaHNA OPraHOB Yesno-
BEKa B XMIMEPHBIX >KUBOTHbIX. PacCMOTpeHbI TakxKe 6apbepbl 1 Npobiembl, MellatoLLme YCNELWHOMY NPUMEHEHUIO
[aHHOTO MoAxofa Ha NpaKTuKe, U AaNbHeNLW e NePCreKTUBbI ero PasBUTUA.

KnioueBble cnoBa: xumepusm; mexaugoson xumepmnsm; IC knetku; UMCK; CRISPR/Cas9; opraHbl AnA TpaHCnnaH-

Tauumn.

Chimerism: definitions and classifications

The first studies on generating chimeric animals were carried
out in the 60s of the last century (Tarkowski, 1961; Mintz,
1965; McLaren, Bowman, 1969). Since then, a significant
amount of scientific knowledge on chimerism has been ac-
cumulated, modern definitions have been formulated and
various classifications of chimeras have been proposed.

Chimeric animals are composed of genetically different
cells originating from two or more different zygotes (Tip-
pett, 1983). There are different classifications of chimerism,
depending on the number and type of donor cells and their
distribution in chimeric organisms. Chimerism can be
natural or artificial. Natural chimerism is represented by
two forms: tetragametism and microchimerism. Tetraga-
metism results from the fertilization of two separate eggs
by two different spermatozoa, followed by the development
of a single organism with mixed cell lines (Drexler et al.,
2005). Microchimerism is a phenomenon that occurs when
a small number of cells from another individual are present
in a multicellular organism. Examples of natural micro-
chimerism are twin chimerism (Chen K. et al., 2013) and
feto-maternal microchimerism (Nelson et al., 1998). The
artificial chimerism occurs for example as a result of organ
or tissue transplantation or blood transfusions.

The chimerism can be partial or systemic depending on
the degree of donor cells distribution in a chimeric orga-
nism (Suchy, Nakauchi, 2017). For example, during organ
or tissue transplantation the distribution of donor cells is
limited to a particular organ or tissue which results in par-
tial chimerism. Systemic chimerism can be observed, for
example, during the fusion of embryos at an early stage of
development. As a result of such a fusion, an embryo with
cell lines which distributed over different organs and tissues
is formed, with these lines originating from two different
zygotes.

Chimerism can be primary and secondary. Primary chi-
merism occurs in the early stages of embryogenesis, and
secondary chimerism occurs after the onset of gastrulation
(Mascetti, Pedersen, 2016a, b). Chimerism can be intraspe-
cies and interspecies. The intraspecies chimeras consist of
cell lines originating from different zygotes of the same
species. Interspecies chimeras consist of cell lines originat-
ing from two or more zygotes of representatives of different
species.

914

The methods underlying the development

of the blastocyst complementation

The most popular methods to obtain chimera under labora-
tory conditions are cell aggregation (Tarkowski, 1961) and
microinjection into the embryo (Gardner, 1968). Aggrega-
tion methods for producing chimeras are technically easier,
do not require expensive micromanipulation equipment,
and sometimes can work more efficiently than injection
methods (Tachibana et al., 2012). However, in some cases,
for example, when obtaining interspecies chimeras, the
trophectoderm with donor cells can impede implantation,
and in this case injection methods are preferred (MacLaren
et al., 1992). In addition, the injection methods allow to
control the number of injected cells.

In their study Okumura and colleagues compared the
degree of distribution of rat cells in chimeric rat-mouse
embryos by different methods: the 8-cell aggregation me-
thod, injection into an 8-cell embryo, and injection into a
blastocyst. According to the study, the degree of chimerism
was highest when researchers used the injection method
into an 8-cell embryo, although the percentage of chimeric
mice was higher when they injected cells into the blastocyst
(Okumura et al., 2019).

The most common and promising method to generate
human organs for transplantation in the organisms of inter-
species chimeric animals is injection into the blastocyst—so
called the blastocyst complementation method. Further in
this review this method is considered first in its application
to the rodents, then the development of techniques related to
this method is described: obtaining “free niches” of animals
and obtaining “chimera-competent” human cells. These
techniques made it possible to perform the interspecies blas-
tocyst complementation between humans and other animals.

The early version of the blastocyst
complementation for obtaining rodent chimeras
Intraspecies chimeras. In 1993 the method of intraspecies
blastocyst complementation was successfully demonstrated
for the first time. The main idea of the method was that
wild type mouse embryonic stem (ES) cells were injected
into the blastocyst derived from Rag2~~ immunodeficient
mouse with T and B lymphocytes deficiency. As a result,
donor T and B lymphocytes were observed in chimeric
animals (Chen J. et al., 1993). An important result of this
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study was that donor ES cells were able to differentiate into
T and B lymphocytes, using the vacant lymphoid T and B
cell niche in an immunodeficient organism. It demonstrated
the possibility of generating organs in the body of chime-
ric animals with so-called “free niches”. Then, in 2007,
blastocyst complementation was used to grow pancreatic
epithelium in Pdx 1~ deficient mice with impaired pancreas
development (Stanger et al., 2007). In 2012, successful
intraspecies blastocyst complementation of ES cells from
a healthy mouse into the blastocyst of a Sa//l~~ deficient
mouse with impaired renal development was demonstrated
(Usui et al., 2012).

Interspecies chimeras. In 2010, for the first time viable
interspecies chimeras with a developed rat pancreatic epithe-
lium were obtained in the body of a Pdx~~ deficient mouse
by blastocyst complementation (Kobayashi et al., 2010).
In this study, scientists successfully injected rat pluripotent
ES cells into murine Pdx1~~ blastocysts that were geneti-
cally modified to impair pancreas development. In 2011,
interspecies blastocyst complementation was used to inject
rat ES cells into the blastocyst of a nude mouse without a
thymus, and a chimeric mouse with a functioning thymus
of rat origin was obtained (Isotani et al., 2011). Recently,
it was reported about the successful generation of a mouse
kidney in the chimeric organism of Salll - rat by interspe-
cies blastocyst complementation (Goto et al., 2019).

In 2017, a Nakauchi group demonstrated the successful
transplantation of pancreatic tissue generated from pluri-
potent stem cells in Pdx1~/~ deficient rats to diabetic mice
(Yamaguchi et al., 2017). These results proved the possibi-
lity of using tissues generated in the body of interspecies
chimeric animals for organ transplantation.

Further in the review, the following technologies under-
lying modern blastocyst complementation are discussed in
details: obtaining animals with so-called “free niches” and
obtaining “chimera-competent™ cells for injection into the
blastocyst.

Generation of animals with “free niches”

The animals with “free niches” in organogenesis, that is
with the absence or partial development of certain organs
or special cell lines, are necessary for obtaining chimeric
animals by the method of blastocyst complementation. Such
animals with “free niches” in organogenesis are possible to
obtain by turning off the expression of genes involved in
organogenesis. Certain types of stem cells in these animals
lose the ability to specialize, proliferate or differentiate, that
is, they cannot participate in organogenesis and the organ
does not develop.

When donor cells with normal organogenesis are injected
into the blastocyst of animals with “free niches”, missing
organs can be formed. For the generation of donor organs
in chimeric organisms, it is necessary that the donor’s cells
have an advantage in the organogenesis of a certain tissue
or organ, since these cells are introduced in small numbers,
and they do not initially have a selective advantage. The
creation of “free niches” allows donor cells to proliferate

2020
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Mcnonb3oBaHne metoaa 6/1acTOLUCTHOM KOMMIEMEHTALNN
INA NOSTyYeHUA JOHOPCKMX OPraHOB B XMMEPHbIX XUBOTHbIX

without competition with host cells in a chimeric organism
and to form a given organ. A “free niche” can be created
by the gene knockout method (Offield et al., 1996; Ohinata
et al., 2005) or by methods of genome editing: zinc finger
nucleases (ZFN), TALE-associated nucleases (transcription
activator-like effector nucleases, TALEN) and CRISPR/Cas9
(clustered, regularly interspaced, short palindromic repeats
(CRISPR)/CRISPR-associated system (Cas)).

The obtaining of knockout mice by injecting messenger
RNA (mRNA) nuclease into mouse zygotes (based on the
ZFN method) was demonstrated in 2010 (Carbery et al.,
2010). The knockout mice were obtained in 2013 using the
TALEN technology by injecting TALEN mRNA into the
cytoplasm of zygotes (Sung et al., 2013). The CRISPR/
Cas9 method was also first demonstrated in 2013 (Cong et
al., 2013; Mali et al., 2013); this method today is the most
popular in genetic engineering. In this method, targeted
genome editing is carried out due to the complementary
interaction between the non-coding synthetic RNA and the
DNA of the target sites. This forms a complex of non-coding
RNAs and Cas proteins which have nuclease activity. The
pigs with a mutation in the genes were obtained by using
the CRISPR/Cas9 method in the cells of pig embryo at the
blastocyst stage in vitro in 2014 (Whitworth et al., 2014).
Successful intraspecific neural blastocyst complementation
was performed for the first time in 2018 in mice with “free
niches” in the brain, including those obtained using the
CRISPR/Cas9 method (Chang et al., 2018).

Types of “chimera-competent” cells

for injection into a blastocyst

In order to obtain chimeric animals, ES cells and induced
pluripotent stem cells (iPSCs) are used.

ES cells. Pluripotent cells isolated from the inner cell
mass (ICM) and epiblast of the embryo are the most suitable
candidates to generate organs in chimeric animals, since
they are able to differentiate into the embryonic tissue. It
turned out that the pluripotency degree of pluripotent cells
of ICM and epiblast are different in mice. It was proposed to
call “true” pluripotent cells obtained from ICM at an early
pluripotency stage “naive”, and epiblast cells obtained at a
later pluripotency stage — “primed” (Nichols, Smith, 2009;
Hanna et al., 2010). In addition, it turned out that pluripotent
cells isolated at the same developmental stage in different
species differ in the degree of pluripotency. For example,
mouse ES cells isolated from the ICM relate to the “naive”
status, while similar human cells relate to the “primed”
status of pluripotency.

Pluripotent ES cells in the “naive” status, isolated from
the ICM of the blastocyst before the implantation stage, are
of the most interest for obtaining chimeric animals since it
turned out that cells in the “primed” status are not able to
take part in the formation of chimeras when they are injected
into the preimplantation blastocyst (Tesar et al., 2007).

Mouse ES cells were first obtained in 1981 (Evans, Kauf-
man, 1981). Mouse ES cells exhibit typical characteristics
of pluripotency: they have the ability to form cells of ecto-
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dermal, mesodermal, and endodermal origin (Martin, 1981),
and they are involved in the formation of all tissues of the
adult organism, when injected into the blastocyst (Bradley
et al., 1984; Hayashi et al., 2017). And most importantly,
mouse ES cells are involved in the formation of chimeras
after injection into the blastocyst (Nichols, Smith, 2009;
Betschinger et al., 2013).

In 1995, ES cells of Rhesus macaque were first obtained
(Thomson et al., 1995). The same researchers obtained hu-
man ES cell lines from preimplantation human embryos for
the first time in 1998. The in vivo pluripotency test demon-
strated the ability of human ES cells to form teratomas with
tissues of endodermal, mesodermal, and exodermal origin
(Thomson et al., 1998). The differentiation of ES cells with
the formation of embryoid bodies and differentiation into
various cell types was shown in vitro for human ES cells
(Wobus, Boheler, 2005). It is impossible to test for chime-
rism and to perform an accurate assessment of the pluripo-
tency of human and primate ES cells due to ethical reasons.
It appeared that although the human ES cells are similar
in a number of characteristics to mouse ES cells (Wobus,
Boheler, 2005; Huang et al., 2014), they differ significantly
from them (Friel et al., 2005; Watanabe et al., 2007). It
is assumed that human ES cells belong to the “primed”,
and mouse ES cells belong to the “naive” status of pluri-
potency.

Pluripotent ES cells of humans and primates in
“naive” status. Human ES cells in “naive” status were first
obtained in 2010 by the method of ectopic induction of the
factors Oct4, K1f4, and KIf2 in combination with LIF and
the inhibitors GSK3p and ERK1/2 (Hanna et al., 2010).
Then, the cultivation medium and cultivation conditions
were optimized (Gafni et al., 2013). Attempts have also
been made to obtain pluripotent cells in the “naive” status
in primates (Fang et al., 2014; Chen Y. et al., 2015; De Los
Angeles et al., 2019). Today, numerous studies are aimed at
obtaining pluripotent ES cells in “naive” status and main-
taining this status under culture conditions (Liu et al., 2017,
Kilens et al., 2018). Due to ethical reasons, it is not pos-
sible to test the “naive” status of these human pluripotent
cells, but it is possible to determine the putative criteria by
which these cells could be considered pluripotent in “naive”
status. Today, the so-called “naive” factors of pluripotency
are already described. One of these factors is KLF4, which
is specific for mouse “naive” pluripotent stem cells and for
human preimplantation embryos (Guo et al., 2009; Dunn
et al., 2014; Boroviak et al., 2016). In addition, cells in the
“naive” status are characterized by nuclear localization of
TFE3 and a high level of mitochondrial respiration (Zhou et
al., 2012; Betschinger et al., 2013). Other researchers have
demonstrated that the level of transcription of transposons
corresponds to the status of pluripotency; in addition, the
induction of the “naive” cell status is accompanied by DNA
hypomethylation (Theunissen et al., 2016; Wang, Li, 2017).

Obtaining “naive” status in somatic cells. iPSC. Simul-
taneously with the study of the “naive” status of pluripotent
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ES cells, the technologies for the production of iPSCs from
somatic cells were actively developing. The iPSCs are a new
type of pluripotent cells that can be obtained by reprogram-
ming differentiated somatic cells. For the first time iPSCs
from somatic cells were obtained by exogenous expression
of transcription factors in 2006 (Takahashi, Yamanaka,
2006). The essence of the method is the transfection of an
adult cell with four genes (Oct4, Sox2, KIf4 and c-Myc),
which encode transcription factors associated with the plu-
ripotent status of embryonic cells. Researchers were able to
obtain human iPSC cell lines that meet all the criteria for
ES cells from human skin fibroblasts (Takahashi et al., 2007;
Yu et al., 2007) and from human skin keratocytes (Aasen et
al., 2008). Since ectopic expression of the c-Myc and Kif4
genes is undesirable due to the high risk of forming malig-
nant tumors, these genes were successfully replaced with
the less dangerous genes Nanog and Lin28 in 2007 (Okita
etal., 2007; Yu et al., 2007).

The iPSC cells are very similar to ES cells: similar mor-
phology and growth profile, and the same culture conditions
(growth factors and signaling molecules). The iPSCs retain
the normal karyotype during cultivation, have high telome-
rase activity, and differentiate in vitro into tissue cells of all
three germ layers (Yu et al., 2007).

Capabilities and limitations of using “naive” ES cells
and iPSCs. The unique properties of ES cells and iPSCs
make it possible to obtain “chimera-competent” cells for
blastocyst complementation. When ES and iPSCs are
injected into the blastocyst, these cells are included into
development, leading to the formation of animals with a
high degree of chimerism. The properties of ES cells and
human iPSCs make them an exceptional source for obtaining
tissues and organs in transplantation and create prospects
for the development of new approaches for the treatment of
incurable diseases. The technology for generation iPSCs also
demonstrates the possibilities for generation autologous stem
cells, which in the future will allow to solve the problem
of immunological compatibility during transplantation of
organs from chimeric animals to a patient. In addition, this
technology makes it possible to obtain pluripotent stem cells
from various types of somatic cells, thus avoiding the ethical
issues associated with the use of living embryos.

However, there are some limitations. The cultured ES cells
and iPSCs vary significantly in their pluripotent differentia-
tion potential and gene expression profile (Yu et al., 2007).
In the population of the obtained ES cells and iPSCs, undif-
ferentiated cells remain which can give rise to a tumor or
reactivation of viruses. It also remains a problem to obtain a
large number of “chimera-competent” cells of high quality
suitable for clinical use. In addition, heritable epigenetic
disorders were found in cultured ES cells, which may be
associated with the development of hereditary diseases and
carcinogenesis (Allegrucci et al., 2007). Consequently, there
is a necessity to standardize the condition for obtaining,
cultivating, and assessing the pluripotent status of iPSCs
and ES cells.
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Application of the modern method

of blastocyst complementation

Interspecies chimeras of humans and rodents. The avail-
ability of “chimera-competent” human cells, generating the
animals with “free niches” in organogenesis and obtaining
interspecies chimeras of animals by the method of blastocyst
complementation made it possible to make attempts to create
chimeric organisms between humans and other animals. In
2006 for the first time, human ES cells at the early stages of
embryogenesis were injected into a mouse blastocyst; the
obtained chimeras showed developmental abnormalities
(James et al., 20006). In 2013, chimeric mice were obtained
by injecting human iPSCs; however, for ethical reasons, the
mouse embryos were sacrificed at an early stage of develop-
ment (Gafni et al., 2013). Then, in 2014, chimeric animals
were obtained by microinjection of “naive” iPSCs obtained
from Rhesus macaque fibroblasts into a mouse embryo at
the blastocyst stage (Fang et al., 2014).

However, in the obtained interspecies chimeras, the degree
of revealed chimerism was low, especially in comparison
with the degree of chimerism in intraspecies chimeras among
rodents. It is speculated that this might be due to the evolu-
tionary distance between humans and other animals. Interest-
ingly, attempts to obtain an interspecies human chimera were
successful when human iPSCs were injected into a mouse
embryo at a later stage of embryonic development — at the
gastrula stage (Mascetti, Pedersen, 2016b). Thus, the ability
to form chimeras depends on the coordination of the in vitro
developmental stages of donor cells with the in vivo embryo
developmental stages.

Interspecies chimeras of humans and large domestic
animals. In 2017, chimeric embryos were obtained between
a human and a pig, as well as between a human and a cow
(Wuetal., 2017). In this study, the researchers used CRISPR/
Cas9 genetic editing to create a “free niche” in combination
with blastocyst complementation. Their results demonstrated
that “naive” human pluripotent stem cells proliferate in
porcine and bovine preimplantation blastocysts, while their
ability to proliferate is limited in porcine postimplantation
blastocysts. Interestingly, with the use of so-called “inter-
mediate human pluripotent stem cells”, the degree of chi-
merism and the ability to proliferate into various cell types
in post-implantation pig embryos was higher (Tsukiyama,
Ohinata, 2014; Wu et al., 2017). Recently, the creation of
a chimeric embryo between Macaca fascicularis and a pig
was reported, functioning donor ES cells of the primate were
detected in the tissues of the pig (Fu et al., 2020).

Artificial embryo

The creation of an artificial embryo is a promising alterna-
tive to the use of animal and human embryos for research
purposes. Different researchers have demonstrated the
creation of embryo-like formations on stem cell culture
(Pera et al., 2015; Harrison et al., 2017). In 2017, the pos-
sibility of creating artificial embryos was demonstrated by
the aggregation of trophoblastic stem cells and totipotent
ES cells, which independently assemble into a blastocyst
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on a substrate of a three-dimensional extracellular matrix.
Scientists have shown that the development of the embryo,
its morphogenesis, structure and cellular composition fol-
low the same development patterns as in a normal embryo
(Harrison et al., 2017).

Then, in 2018, a fully-fledged blastocyst model was cre-
ated, which was called the blastoid (Rivron et al., 2018).
Recently, three main types of stem cells have been obtained
from fibroblasts: epiblast cells, primitive endoderm cells,
and trophectoderm cells. To obtain a certain type of these
pluripotent cells, a combination of five transcription fac-
tors was selected: Gata3, Eomes, Tfap2c, Myc, and Esrrb.
This achievement could lead to the creation in vitro of
fully-fledged artificial embryos without the use of an egg
and a sperm cell (Benchetrit et al., 2019). Advances in the
creation of an artificial embryo demonstrate the possibility
of using it to obtain chimeric organisms in the future.

The main problems hindering the development

of technologies for generating organs in chimeric
animals, and possible ways to solve them

Growing rat organs in a mouse organism and generation of
man-pig, man-cow chimeras give us the possibility of cre-
ating xenogeneic organisms among various animal species
and generating human organs in the future. The candidate
animals for organ transplant growing considered are pigs,
cows, sheep, and primates.

The development of technology for farming human
organs in xenogeneic animals such as pigs is hindered by
anumber of factors. There is a risk of zoonosis and the risk
of contamination of human organs with cells or proteins of
the recipient animal (Rashid et al., 2014; Matsunari et al.,
2020). One problem is that retroviruses integrated into the
genome of chimeric animals can be transferred to humans
when growing human organs. The consequences of the in-
corporation of animal retroviruses into the human genome
cannot be predicted. There are fears that human organs
derived from chimeric animals could be a source of danger.

In addition, there are a number of poorly identified and
poorly understood biological factors associated with dif-
ferences in the rate of embryonic development in different
species (Barry et al., 2017). Understanding the mechanisms
of these differences, the ability to modulate the time and
developmental stage of donor cells in vitro, and the ability
to influence the developmental stage in vivo would allow
the synchronization of donor and host cells in a chimeric
model. Recent studies have shown that the synchronization
of developmental stages between donor cultured pluripotent
ES cells and the recipient is a significant criterion for the
successful formation of a chimera. For example, “naive”
mouse ES cells are involved in the formation of a chimera
only when injected at the blastocyst stage, while “primed”
mouse ES cells isolated from the epiblast are involved in the
formation of a chimera when injected at the gastrula stage
(Huang et al., 2012).

Itis also interesting that attempts to obtain an interspecies
human chimera were successful when the injection was car-
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ried out at a later stage of embryonic development. Success-
ful microinjection of human iPSCs into a mouse embryo at
the gastrula stage was demonstrated in 2016, which confirms
the hypothesis that the ability to form chimeras depends on
the coordination of the in vitro stages of donor cells with
the stage of in vivo host embryo development (Mascetti,
Pedersen, 2016b).

One of the problems of generating interspecies human
chimeras is the low percentage of donor cells in the chimeric
organism. It is assumed that the negative results and low
degree of chimerism in experiments on generating chimeras
are associated with the apoptosis of cells. In 2016, it was
demonstrated that expression of the anti-apoptotic gene
Bcl2 in “chimera-incompetent” epiblast stem cells in rat
allows these cells to turn into “chimera-competent” cells
and participate in the formation of all tissues in a chimeric
rat-mouse embryo when injected into a mouse blastocyst
(Masaki et al., 2016).

Very recently, it became possible to create human-mouse
chimeric embryos in which the proportion of human cells
for the first time was 4 %. In this study, «naive» human
PSCs obtained by the inhibition of mTOR protein kinase
were microinjected into mouse blastocysts (Hu et al., 2020).

Another important problem to be solved for the successful
cultivation of donor human organs in chimeric organisms is
the problem of organ vascularization. Previous studies have
demonstrated that vessels in chimeric organisms are formed
from the cells of both donor and recipient (Kobayashi et al.,
2010; Usui etal., 2012; Yamaguchi et al., 2017). For the suc-
cessful transplantation of human organs grown in animals,
it is necessary for the organ’s circulatory system, like the
organ, to be formed from human cells in order to minimize
the xenogenic component during transplantation. Many
researchers are working on this problem (Hamanaka et al.,
2018; Matsunari et al., 2020). To solve all these problems,
the factors influencing the success of the colonization of
pluripotent donor cells into the organism of the recipient
animal, and the mechanisms underlying the differentiation
of these cells in the conditions of the “free niche” are still
to be determined and investigated.

Besides biological, there are also ethical barriers. For
example, one of the issues that can arise with interspecies
human-animal chimeras is the production of gametes with
the human genome in chimeric animals (Bourret et al., 2016;
Farahany et al., 2018). Concerns are also raised by the likeli-
hood of humanization of chimeric animals upon accidental
differentiation of human cells in the brain tissues of the
recipient (Shaw et al., 2015). In 2019, it was demonstrated
that these issues can be solved by disabling the Prdmi4
and Otx2 genes responsible for the formation of gametes
and the brain in microinjected “chimera-competent” cells
(Hashimoto et al., 2019).

Conclusion

Thus, in order to carry out successful blastocyst complemen-
tation and obtain an interspecies chimera between a human
and another animal for the purpose of growing organs for
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transplantation, two key technologies need to be improved:
(1) creation of animals with “free niches”, and (2) ethical
generation of pluripotent “chimera-competent” human
cells capable of differentiating into a target organ or tissue
in the body of a host animal. In addition, it is necessary to
understand and overcome the biological barriers that cause
the absence or low percentage of chimerism of pluripotent
“chimera-competent” ES cells in the animal organism. It
is also important to regulate emerging ethical issues at the
legislative level. Despite all the difficulties, the technology
of growing donor organs in chimeric organisms is very
promising.
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