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The transcription factor dFOXO controls the expression
of insulin pathway genes and lipids content under heat stress
in Drosophila melanogaster

M.A. Ereminal &, P.N. Menshanov! 2, O.D. Shishkinal, N.E. Gruntenko!

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State Technical University, Novosibirsk, Russia
® eremina@bionet.nsc.ru

Abstract. The insulin/insulin-like growth factor signaling (IIS) pathway is one of the key elements in an organism'’s
response to unfavourable conditions. The deep homology of this pathway and its evolutionary conservative role
in controlling the carbohydrate and lipid metabolism make it possible to use Drosophila melanogaster for studying
its functioning. To identify the properties of interaction of two key IIS pathway components under heat stress in
D. melanogaster (the forkhead box O transcription factor (dFOXO) and insulin-like peptide 6 (DILP6), which interme-
diates the dFOXO signal sent from the fat body to the insulin-producing cells of the brain where DILPs1-5 are syn-
thesized), we analysed the expression of the genes dilp6, dfoxo and insulin-like receptor gene (dInR) in females of
strains carrying the hypomorphic mutation dilp64" and hypofunctional mutation foxo8507078, We found that neither
mutation influenced dfoxo expression and its uprise under short-term heat stress, but both of them disrupted the
stress response of the dilp6 and dinR genes. To reveal the role of identified disruptions in metabolism control and
feeding behaviour, we analysed the effect of the dilp64’ and foxoBG07078 mutations on total lipids content and capil-
lary feeding intensity in imago under normal conditions and under short-term heat stress. Both mutations caused
an increase in these parameters under normal conditions and prevented decrease in total lipids content following
heat stress observed in the control strain. In mutants, feeding intensity was increased under normal conditions;
and decreased following short-term heat stress in all studied strains for the first 24 h of observation, and in dilp64!
strain, for 48 h. Thus, we may conclude that dFOXO takes part in regulating the lIS pathway response to heat stress
as well as the changes in lipids content caused by heat stress, and this regulation is mediated by DILP6. At the same
time, the feeding behaviour of imago might be controlled by dFOXO and DILP6 under normal conditions, but not
under heat stress.

Key words: Drosophila melanogaster; insulin/insulin-like growth factors signaling pathway; dinR; dilp6; dfoxo; gene
expression; feeding behaviour; total lipids.

For citation: Eremina M.A., Menshanov P.N., Shishkina O.D., Gruntenko N.E. The transcription factor dFOXO controls
the expression of insulin pathway genes and lipids content under heat stress in Drosophila melanogaster. Vavilovskii
Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2021;25(5):465-471. DOI 10.18699/VJ21.053

TpanckpunumoHHbI GakTop dFOXO perviaupyeTr 3KCIIPEeCCUIo
reHOB MHCY/JIMTHOBOT'O CUTHAJIbHOI'O Kackajga 1 cogepskaHue
JINTINOB IIPU TEIJIOBOM cTpecce v Drosophila melanogaster

M.A. EpeMVu—[al@, IT.H. Menpuanosl’ 2, O.A. [umkunal, H.E. rpyHTEHKOI

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP UHCTUTYT umtonorum n reHetrkn Cbrpckoro otaeneHns POCCMINCKON akafeMmnm Hayk,
HoBocnbupck, Poccus

2 HoBocrbrpcKmii rocyaapcTBEHHbIN TEXHUYECKNiA yHBepcuTeT, HoBocmbumpck, Poccua

@ eremina@bionet.nsc.ru

AHHoTauua. OfHMM 13 OCHOBHbIX 3/IEMEHTOB OTBETa OpraHM3Ma Ha HebnaronpuATHble YCNOBUA ABNAETCA CUT-
HaJbHbI Kackag MHCYNUHa/MHCYNMHONoao6HbIx dakTopos pocTa (U/UDP). Bnarogaps riny6oKon romonorum storo
KacKaga v SBOJIOLIMIOHHON KOHCEPBAaTMBHOCTY €ro POoNv B Perynauun yrneBogHO-K1MpPoBOro MeTabonmsma, Bos-
MOXXHO MCMOoSIb30BaHMe MofeNibHoro obbekTta Drosophila melanogaster pna n3yyeHns mexaHW3MoB ero GpyHKLMOo-
HUpoBaHUA. [1na onpegeneHna oco6eHHOCTEN B3aUMOAENCTBIA ABYX KNIOUEBbIX KOMMOHEHTOB Kackaga N/VNOP y
D. melanogaster — TpaHckpunumoHHoro daktopa dFOXO 1 nHcynuHonopo6Horo nentuaa DILP6, «<nocpepHmka»
B nepepaye curHana ot dFOXO B XXMPOBOM Tefie K MHCYIMH-NPOAYLMPYIOWNM KieTKam Mo3ra (MecTy crMHTe3a
DILPs1-5), B ycnoBusx TeMI0OBOro CTPecca Mbl MPOBENV aHann3 sKcnpeccum reHoB dilp6, dfoxo v reHa MHCynMHomMo-
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dFOXO controls the expression of insulin pathway
genes and lipids content under stress in Drosophila

nobHoro peuenTopa (dInR) y camoK NNHUIA, Hecywmx runomopdHyto mytauuto dilp64! n rMnodyHKLNOHaNbHYO My-
Tauuto foxoBG01018, OGHapy»KeHO, UTO 06e MyTaLMK He OKa3blBav BAUAHMA Ha SKCNpeccuto dfoxo 1 ee NoBbllWEHNE
Npwv KPaTKOBPEMEHHOM TEMIOBOM CTPECCE, OAHAKO HapyLLUany OTBET Ha CTpecc reHoB dilp6 n dinR. ins BbiABNeHNA
ponun o6Hapy>KeHHbIX HapyLIEeHWI B KOHTPOsie MeTabonr3ma U MeTabonmyeckoro NoBeeHns Mbl MpoaHann3npo-
Banv BAVAHNE MyTauunn dilp64 n foxoBG01018 ya copepKaHme O6LWKX MMNULOB U MHTEHCUBHOCTb KanuiaiapHOro nu-
TaHVA MMaro B HOPMaJibHbIX YCIIOBMAX U MPU KPaTKOBPEMEHHOM TernnoBoM cTpecce. O6e MyTaumm NpuBOAMAN K
YCUNEHMIO AaHHBIX NMPU3HAKOB B HOPMaslbHbIX YCIOBUAX U MPENATCTBOBAN CHXKEHWIO COAePKaHNA 06X Unu-
[LOB Moc/ie CTpecca, HabniogaemMmomy y KOHTPOSIbHOW MMHUU. IHTEHCUBHOCTb MUTaHKA Oblia MNOBbILEHA Y MyTaHTOB
B HOPMaJIbHbIX YC/TOBUAX U CHUXANacb Nocie KPaTKOBPEMEHHOIO TEMIOBOMO CTPECCa Y BCEX N3YUYEHHDBIX IMHWIA B
TeueHue nepBbIX CYyTOK HabsloaeH A, a y nuHUK dilp64! — B TeueHne ABYX CyTOK. Takum 06pa3oM, MOXKHO 3aKJTIOUNTb,
yto dFOXO npuHMMaeT yyacTve B perynaumm Kak oTBeTa curHanbHoro Kackaga /MOP Ha TennoBol cTpecc, Tak
1 BbI3bIBa€MbIX TEMIOBbIM CTPECCOM M3MEHEHUI B COAEPXKaHNM IMNAOB, MPUYeM 3Ta perynaumna onocpepyerca
DILP6. B T0 e Bpemsa mMeTabonmueckoe noBefeHne umaro, no-sugmumomy, perynupyetcs dFOXO un DILP6 B Hop-
MaJibHbIX YCNOBUAX, HO HE NPU TEMIOBOM CTPeCCe.

Kniouesble cnosa: Drosophila melanogaster; curHanbHbIii Kackag MHCYNMHA/MHCYIMHONOA06HbIX paKTOpOB poCTa;

dinR; dilp6; dfoxo; akcnpeccua reHoB; N1LEeBOe NOBeAEHME; obLme NMNUAbI.

Introduction
Nowadays, as living beings often encounter unfavourable en-
vironmental conditions such as pollution and global warming,
the study of deeply conservative mechanisms that contribute
to adaptation is of current interest. It is known that such in-
fluences launch the development of nonspecific adaptive de-
fensive responses on molecular (Garbuz, Evgen’ev, 2017),
behavioral (Kaluev, 1999), biochemical and physiological
(Gruntenko, 2008; Even et al., 2012; Miyashita, Adamo,
2020) levels. The ability to respond to stress in an integrated
manner, which comprises behavioral, metabolic and molecular
reactions, is key for survival and adaptation of animals includ-
ing insects (Koyama et al., 2020). It was proven that besides
its role as crucial modulator of growth and metabolism, in
insects, the IS pathway is an essential component of the
neuroendocrine stress reaction (Gruntenko, Rauschenbach,
2018; Lubawy et al., 2020). Due to the deep homology of this
pathway in animals of different taxa including humans and
flies, it is possible to use the latter as an object for investigating
evolutionary-conservative mechanisms underlying molecu-
lar-genetic regulation of the 11S pathway, and carbohydrate
and lipid metabolism it controls. As in most animals, in insects,
carbohydrates and lipids serve as the main energy supply (Ar-
rese, Soulages, 2010). The processes of producing and storing
energy undergo complex modulation by many inner factors
including heritage, lifestyle, hormones, metabolites, as well
as various outside influences (Mattila, Hietakangas, 2017).
Drosophila’s applicability to the research of metabolism is
defined by the simplicity of its IIS pathway regulation (Fig. 1),
which involves homologues of insulin (DILPs1-5) and
insulin-like growth factors (DILP6) of mammals connecting to
asingle insulin-like receptor (dInR), which activates the path-
way (Gruntenko, Rauschenbach, 2018), and two homologues
of relaxin (DILPs7,8) (Gontijo, Garelli, 2018). The dInR
signal being transduced directly or via its substrate CHICO
(the homologue of insulin receptor substrates of mammals,
IRS1-4) causes dAkt/PKB (protein kinase B homologue) to
activate, which in turn modulates the activity of a number of
proteins, in particular, it phosphorylates transcriptional fac-

tor of Forkhead box class O family, dFOXO (homologue of
mammalian FOXO), which is synthesized in the fat body and
controls the transcription of more than a thousand genes (Bai et
al., 2012), and inhibits its translocation into the nucleus (Puig
etal., 2003; Slack et al., 2011; Alvarez-Rendon et al., 2018).
Under stress, dFOXO is translocated to the nucleus (Jiinger
et al., 2003; Hwangbo et al., 2004; Gruntenko et al., 2016)
activating the expression of a number of genes including dInR
via a feedback loop (Gruntenko, Rauschenbach, 2018). It was
also previously shown that the expression of dilp6 in the fat
body inhibits the expression of dilp2 and dilp5 in imago’s brain
as well as the secretion of DILP2 into the hemolymph, and
that dFOXO influence on the expression of DILPs produced
in median neurosecretory cells is mediated by DILP6 synthe-
sized in the fat body (Slaidina et al., 2009; Bai et al., 2012).
Thus, DILPs seems to connect dFOXO, adipose tissue and
endocrine function of the brain, creating a feedback loop back
to dinR.

Stress reaction causes the mobilization of organism’s ener-
gy reserves along with a variety of metabolic changes. In
a changing environment, feeding behaviour plays an important
role in adaptation (Rabasa, Dickson, 2016). It is known that
in mammals, acute stress is usually accompanied by feeding
suppression and a decrease in weight gain; chronic stress
can result in excessive food intake, weight gain and obesity
(Rabasa, Dickson, 2016).

This study aimed to analyse the expression of dInR, dilp6
and dfoxo genes of three key components of the I1S pathway,
which is involved in neuroendocrine stress reaction, in D. me-
lanogaster strains carrying dilp6*! u foxoBG1018 mutations
under heat stress, and to evaluate the latter’s influence on
feeding behaviour and total lipids content in these strains.

Materials and methods

Drosophila melanogaster strains and stress conditions.
Three D. melanogaster strains were used in this study: strain
dilp6*! with the deletion covering the 3’ region of phl gene
and 5" upstream region of dilp6 including the first exon and
part of the first intron (Rauschenbach et al., 2017); strain
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Fig. 1. The scheme of insulin/insulin-like growth factors signaling path-
way in Drosophila.

DILPs are Drosophila insulin-like growth peptides, dInR — Drosophila insulin-
like receptor, CHICO - homologue of mammalian insulin receptor substrate,
PI3K - phosphoinositide 3 kinase, dPDK1 - Drosophila phosphoinositide-
dependent kinase-1, dAkt/PKB — a homolog of mammalian protein kinase B,
dFOXO - Drosophila forkhead box O transcription factor.
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foxoBC01018 which carries a P[GT1] element transposon in the

5" upstream region of the dfoxo gene, resulting in a mild loss of
function (Dionne et al., 2006); and their progenitor strain w1118
as a control. The stocks were obtained from the Bloomington
Drosophila Stock Center (Bloomington, IN, USA).

The cultures were raised on standard medium (agar-agar,
7 g/l; corn grits, 50 g/l; dry yeast, 18 g/I; sugar, 40 g/l) and
kept at 25 °C, 12:12 h photoperiod, relative humidity 50 %.
Imagoes were synchronised at eclosion (flies were collected
every 3—4 hours). Females were exposed to heat stress by
transferring vials with flies from a 25 °C incubator to a 38 °C
incubator for 60 or 90 min. After 60 min of stressing flies were
returned to 25 °C, after 90 min they were subsequently frozen
in liquid nitrogen and stored at —80 °C.

Quantitative real-time polymerase chain reaction
(gRT-PCR). mRNA quantity of dilp6, dfoxo and dInR genes
was evaluated in whole body homogenates of Canton-S fe-
males (15 flies/sample) using TRI reagent Lot #BCBT8883
(Sigma-Aldrich, USA) for total RNA extraction, Revert Aid
First Strand cDNA Synthesis Kit #K1621 (Thermo Fisher
Scientific, USA) with oligo (dT)18 primer for synthesis of
cDNA, M-427 Kit with SYBR-Green | (Syntol, Russia) and
CFX96 Touch qPCR System (Bio-Rad, USA) for performing
gRT-PCR. Each reaction was performed in triplicates with
three biological replicates. Data were normalized against
Act5C. High stability of ActS5C expression under heat stress
was shown by Ponton et al. (2011). The primers used in the
study are shown in the Table.

Total lipid quantification. Quantification of total lipids was
performed using Van Handel’s method (1985) modified for
D. melanogaster (Eremina, Gruntenko, 2020) under normal
conditions or in 24 h after 60 min under 38 °C. Flies (1 fly
per sample, 10-20 samples per each studied group) were de-
capitated to avoid the influence of eye pigment on the mea-
surement results, homogenised on ice in 100 pl of chloroform-
methanol (1:1) and shacked for 10 min. 50 pl of supernatant
were transferred to new tubes and placed in microthermostat
M-208 (Bis-N, Russia) at 90 °C till the solvent completely
evaporated. Then 10 pl of 95 % H,SO, were added to each
sample and they were again kept at 90 °C for 2 min. After

Gene Amplicon, bp Forward/Reverse Sequence (5'-3') Tm, °C Reference

dfoxo ............ 196 .......................... F ...................................... G CCTAGATCACTTTCCCGAG ............................... 5 3 .................. G runte nko eta| 2016 ............
R ...................................... G TCA GCTCATCCGCCATTGT ............................... 5 5 ................

. d, / p6 ............. 1 49 .......................... F ...................................... C ACGGAATACGAACAGAGACG .......................... 5 5 .................. Ere ml n a e t a| 20 19 ................
RTCGGTTACGTTCTGCAAGTC ............................... 5 5 ................

d,nR ............. 123 .......................... FTGAGCATGTGGAGCACATCAAGATG .................. 5 9 .................. O kamotoeta|2013 ..............
R ...................................... C GT AGGAG ATTTTCTCGTTTGGCTG ................... 5 8 ...............

. AC t5c ........... 9 O ............................ F ...................................... G CG CCCTTACTCTTTCACCA ............................... 5 8 .................. G u Io eta| 2 014 ......................
R ...................................... A TGTCACG GACG ATTTC ACG ............................... 5 5 ................
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that the samples were cooled on ice and the phosphovanillin
color reagent (85 % H;PO, + 6 % vanillin solution (4:1)) was
added up to 1 ml of volume. The samples were incubated for
15 min at room temperature till pink colouration appeared and
was stable for 1 h. Then the samples were measured by Smart
Spec Plus spectrophotometer (Bio-Rad, USA) at 525 nm.

Feeding behaviour analysis (CAFE). Ingestion was mea-
sured using the Capillary Feeder (CAFE) method of Ja et
al. (2007), modified by Williams et al. (2014). To provide
flies with a humid environment, flat-bottomed glass vials
(20x 100 mm) with 1 % agarose (5 cm high) were placed into
microcentrifuged 50 ml tubes filled with 7 ml of water. Each
glass capillary (10 x 90 mm, Narishige, Japan) was filled with
20 pl of liquid food containing 5 % sugar and 5 % east extract
(Biospringer, France). Five females were placed into each
vial (4-9 vials per group), which was plugged with a foam
plug. A capillary was inserted into it through 10 pl and 200 pl
pipette tips and was held in place by them. The vials with
flies were kept in an incubator (Sanyo, Japan) at 25 °C, 50 %
relative humidity, 12:12 h photoperiod for 24 or 48 h. Before
that the experimental group was subjected to short-term heat
stress (38 °C, 60 min). Initial and final food levels in capil-
laries were marked to determine total food consumption per
day. To minimize food evaporation, capillaries were topped
with a 0.1 ul oil layer. To adjust for food evaporation, a vial
without flies was used.

Statistical analysis. Data on gene expression were analyzed
by the 2722CT method (Livak, Schmittgen, 2001). All data are
presented as means+SEM and analysed by ANOVA. The
results were considered significant at p < 0.05.

dFOXO controls the expression of insulin pathway
genes and lipids content under stress in Drosophila

Results and discussion

To discover whether disruption of the feedback loop of the
1IS pathway regulation affects its stress response, we studied
the expression of three key genes of the pathway, dilp6, dfoxo
and dInR, in D. melanogaster females carrying hypomorphic
mutation dilp64! and hypofunctional mutation foxoBG01018
under normal conditions or heat stress (38 °C, 90 min). There
were no quantitative changes in mRNA expression level of
dilp6 and dInR genes in dilp64! and foxoBC01018 strains under
heat stress, whereas in their progenitor strain w18 the expres-
sion of dilp6 decreased, and the expression of dInR increased
under heat stress (Fig. 2, p < 0.05 for both genes). At the
same, dfoxo expression level increased or had a tendency to
increase under heat stress in all strains under study (see Fig. 2,
STRAIN — F(Z, 12) = 314, p < 0081, STRESS — F(l, 12) = 1280,
p < 0.0038). Notably, dilp6*! mutants are characterised by
a lower dilp6 expression (p < 0.001); however, dfoxo expres-
sion in foxoBC01018 mytants does not differ from the control
strain w18 (see Fig. 2). This allows us to assume that the
previously described loss of dFOXO function in foxoBC01018
strain (Dionne et al., 2006) is connected not with a lowered
expression level of the corresponding gene but with a defect
in its structure.

The results of qualitative measurement of total lipids in
D. melanogaster females with dilp64tand foxoBG91018 myta-
tions under normal conditions or following heat stress (38 °C,
60 min) signify that both mutations cause an increase in
lipid content in comparison with the control strain w18, and
lipid content in dilp6! and foxoBG01018 strains, unlike in their
progenitor strain, does not decrease in 24 h after heat stress
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Fig. 2. dilp6, dfoxo and dInR mRNA levels in D. melanogaster females of w718, dilp64! and foxoBG07018 strains under normal

conditions and after short-term heat stress (38 °C, 90 min).

Each value is a mean of three biological replicates. Error bars show standard error of the mean. Asterisks indicate significant diffe-
rences between females with mutation of Drosophila insulin-like peptide 6 gene (dilp64') and females of the control strain w778
(p < 0.001). Diamond indicates significant differences between stressed and control groups of the same genotype (p < 0.05). Hash

indicates a tendency for such differences (p < 0.07).
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Fig. 3. Total lipids level (a) and capillary feeding intensity (b) in females of D. melanogaster strains w18, dilp64! and foxoBG07018 under normal conditions

and following short-term heat stress (38 °C, 60 min).

Each value is a mean of 10-20 (a) and 9-11 (b) measurements. Error bars indicate s.e.m. Asterisk indicates significant differences between control females of w778
strain and females with dilp64! and foxoBG01078 mutations (** p < 0.01, *** p < 0.001). Diamond indicates significant differences between stressed and control

groups of the same genotype (0 - p < 0.05,00 - p <0.01,000—-p < 0.001).

(Fig. 3, a, STRAIN — F(y, 95)= 26.78, p << 0.0001; STRESS ~
F(1, o= 141.56, p < 0.012; STRAIN*STRESS — F( g6) =
=0.25, p=0.777).

The increased lipid content in females of the mutant strains
could be explained by their discovered increased food con-
sumption in comparison with control females of w18 strain
throughout the entire experiment (see Fig. 3, b, STRAIN —
F(Z, 59) = 4440, p K 00001, TIME — F(L 59) = 512, p < 0028,
STRAIN*TIME - F( 59)= 141, p = 0.252). However, in the
first 24 h after heat stress feeding intensity decreases in com-
parison with normal conditions in both females of the control
strain w18 and the mutant strains; in dilp6*! strain, this effect
is maintained for 48 h (see Fig. 3,b, STRESS — F 4 59)=36.09,
P < 0.0001; STRAIN*STRESS — F(y, 50) = 6.28, p < 0.0034;
STRAIN*STRESS*TIME - F(; 5= 1.26, p = 0.291).

It was previously shown that the 1IS pathway can inter-
act with gonadotropins and biogenic amines in Drosophila
modulating their dynamics under stress and thus participat-
ing in the control of organism’s stress response (Gruntenko,
Rauschenbach, 2018). However, it remained unclear (1) which
links of the 11S pathway were involved in stress response and
(2) what effect does the participation of the IIS pathway in
stress response have on its ability to control the carbohydrate
and lipid metabolism.

It was demonstrated by us earlier that in D. melanogaster
females dFOXO translocates to the nucleus under heat stress
(Gruntenko et al., 2016), and here we showed that this trans-
location is accompanied by a tendency to an increase of dfoxo
expression (see Fig. 2). Our data also allow us to assume that
dFOXO activation under stress results in dilp6 being inhibited
as the decrease of dilp6 expression found in the control strain
w18 is not observed in foxoBC01018 mutants (see Fig. 2).

dilp6 expression in the fat body was previously shown to
suppress dilp2 and dilp5 expression in imago’s brain and the
secretion of DILP2 into hemolymph; dFOXO’s influence on
the expression of DILPs produced in median neurosecretory
cells is inhibited by a simultaneous repression of DILP6 in
the fat body via RNA interference (Bai et al., 2012). This
allow us to suppose that a decrease in DILP6 activity under
heat stress leads to an increase in level of DILPs expressed
in median neurosecretory cells of the brain. Indeed, we were
able to demonstrate earlier that DILP3 synthesis in these cells
is increased in response to heat stress in wild type flies (An-
dreenkova et al., 2018), and in dilp64! larvae — under normal
conditions (Andreenkova et al., 2017), which corresponds well
with our assumption about a signal being transmitted from
dFOXO to DILP3 through DILP6 under heat stress. Then,
DILP3 appears to activate dInR, inhibiting the 11S pathway,
which is confirmed by our data on the lack of a shift in dInR
expression level under heat stress in flies with mutations of
dilp6 and dfoxo genes as opposed to the shift in laboratory
strain w8, in which a decrease in dilp6 and an increase in
dInR expression is shown to occur in response to heat stress
(see Fig. 2).

System defects in the 11S pathway cause D. melanogaster
to manifest a number of different phenotypes including those
connected to metabolism, which usually involves an increase
in organism’s carbohydrates and lipids reserves (Mattila,
Hietakangas, 2017). Murillo-Maldonado et al. (2011) demon-
strated almost all viable combinations of mutations with
partial loss of function or hypomorphism of 1IS genes to
have changes in carbohydrates and lipids levels. Slaidina et
al. (2009) showed dilp6 knockdown to cause an increased
level of triglycerides and glycogen in Drosophila larvae.
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These results correspond well with our data on the increased
content of total lipids in females of dilp64! and foxoBG01018
strains (see Fig. 3, a), as well as with increased glucose and
trehalose levels in dilp6* and foxoBG01018 mutants we previ-
ously demonstrated (Eremina et al., 2019).

Regarding regulation of feeding behaviour under heat stress
it seems to occur independently from dilp6 and dfoxo genes
as their mutations do not inhibit loss of appetite following
stress (see Fig. 3, b).

Conclusion

Thus, we have shown that the disruption of dilp6 and dfoxo
gene functions in Drosophila melanogaster (1) results in the
feedback loop of the 11S pathway being disrupted under heat
stress, (2) leads to an increase in total lipids content under
normal conditions and impedes their decrease following heat
stress, and (3) causes an increase in feeding intensity under
normal conditions but does not impede its decrease following
heat stress.
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Parent-of-origin effects on nuclear chromatin organization
and behavior in a Drosophila model for Williams—Beuren Syndrome

AV. Medvedeval, E.V. Tokmatcheval, A.N. Kaminskaya?, S.A. Vasileval, E.A. Nikitinal’ 3, A.V. Zhuravlev!,
G.A. Zakharov!, O.G. Zatsepina®, E.V. Savvateeva-Popova! @

" Pavlov Institute of Physiology of the Russian Academy of Sciences, St. Petersburg, Russia

2 |nstitute of Bioorganic Chemistry of the Russian Academy of Sciences, Moscow, Russia

3 Herzen State Pedagogical University of Russia, St. Petersburg, Russia

4 Engelhardt Institute of Molecular Biology of the Russian Academy of Sciences, Moscow, Russia
® esavvateeva@mail.ru

Abstract. Prognosis of neuropsychiatric disorders in progeny requires consideration of individual (1) parent-of-origin
effects (POEs) relying on (2) the nerve cell nuclear 3D chromatin architecture and (3) impact of parent-specific miRNAs.
Additionally, the shaping of cognitive phenotypes in parents depends on both learning acquisition and forgetting,
or memory erasure. These processes are independent and controlled by different signal cascades: the first is CAMP-
dependent, the second relies on actin remodeling by small GTPase Rac1 — LIMK1 (LIM-kinase 1). Simple experimental
model systems such as Drosophila help probe the causes and consequences leading to human neurocognitive pa-
thologies. Recently, we have developed a Drosophila model for Williams-Beuren Syndrome (WBS): a mutant agnts3
of the agnostic locus (X:11AB) harboring the dlimk1 gene. The agnts3 mutation drastically increases the frequency of
ectopic contacts (FEC) in specific regions of intercalary heterochromatin, suppresses learning/memory and affects
locomotion. As is shown in this study, the polytene X chromosome bands in reciprocal hybrids between agnts3 and the
wild type strain Berlin are heterogeneous in modes of FEC regulation depending either on maternal or paternal gene
origin. Bioinformatic analysis reveals that FEC between X:11AB and the other X chromosome bands correlates with the
occurrence of short (~30 bp) identical DNA fragments partly homologous to Drosophila 372-bp satellite DNA repeat.
Although learning acquisition in a conditioned courtship suppression paradigm is similar in hybrids, the middle-term
memory formation shows patroclinic inheritance. Seemingly, this depends on changes in miR-974 expression. Several
parameters of locomotion demonstrate heterosis. Our data indicate that the agnts3 locus is capable of trans-regulating
gene activity via POEs on the chromatin nuclear organization, thereby affecting behavior.

Key words: POE (parent-of-origin effects); 3D nuclear architecture; chromatin ectopic contacts; LIM-kinase 1 (LIMK1);
actin; mir-RNA; learning acquisition; memory formation; locomotion.
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BausiHMEe POOUTEIbCKOTO IIPOMCXOXKIEHNS alyIeseit
Ha IIPOCTPAHCTBEHHYIO OpTaHM3alil0 XpOMOCOM I IIOBeJleHIie
Ha Mojie/Iu cuHIapoMa Buiabsamca—-BoiiepHa Ha gpo3oduie
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AHHoTauuA. NPorHo3 pasBuTMA HeponcMxmaTpruyeckmx 3abonesaHnin TpebyeT yunTbiBaTb POAUTENBCKOE MPOWUC-
XOXIEHMWe annenen Kak CylecTBeHHbIN GpakTop NpeapacnonoKeHHOCTU Y NoToMcTBa. Poautenbckoe HaciefoBaHme
onpepenset 3D opraHM3aymnio XpOMOCOM B AAPE HEPBHbIX KNETOK, B TOM YMCIIE 3@ CYET IMUTEHETUYECKOTO BINAHMWA
MUKpPO-PHK reHepaTuBHbIX KNneTok poguTenein. Kpome Toro, KOrHUTBHbIE HEMPONAaTONOrn y POAUTENEeN 3aBUCAT OT
[IBYX NpoLieccoB — 00yyeHUs 1 3abbiBaHNA, NN CTUPAHNA NAMATA. DTN NPOLLECChl HE3aBUCUMbI M KOHTPONNPYIOTCA pas-
HbIMU CUTHANbHBIMU Kackagamu: obyueHre — UAM®-3aBUCUMMbIM, 3a0blBaHNe — KAaCKailoM PEMOLENTMPOBAHMNSA aKTMHa:
manasn I'Mdaza Rac1 - LIMK1 (LIM-kinase 1). lns noHMMaHWs CTaHOBIEHUA HENPOMNATONOrNK YesloBeka HEOOXOANMO
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Ponb pofuTenbCckoro NPoVCXoXaeHus annenen
B OpraHv3aymm XpoMoCom

npviBneYyeHne NPoCcTbix MoAeNbHbIX 06beKToB. Hamu cozpgaHa mopaens cuHapoma Bunbamca—-bonepHa Ha agpo3odu-
ne ¢ MyTaLMOHHbIM NoBpexXaeHuem reHa dlimk1 — agnostic (agn's3), kogupytowero Knioyeso GepMeHT pemonenu-
poBaHua akTrHa LIMK1. Y agnts3 noBblweHa yactota $OPMUPOBAHNA HEFTOMOOTMYHbBIX KOHTAaKTOB B CrieLnpryeckimx
paioHax MHTEPKaNAPHOro reTepoXpPoOMaThHa, PE3KO HapyLLEHbI CMOCOBHOCTb K 06yUYeHMo, POPMUPOBAHUIO MAMATHY 1
nokomoumA. Y peLmnnpoKHbIX rMopraoB Mexay agnts3 n nuHuein ankoro Tuna Berlin yacToTa SKTONMYECKMX KOHTAKTOB,
CcPOPMUPOBAHHBIX AUCKAMUN MOSIUTEHHBIX XPOMOCOM, 3aBUCUT OT HanpaBfieHMs CKpeLLBaHuWs, BOCMPON3BOAA 60
OTLIOBCKME, N0 MaTePUHCKME CBOWCTBA. BMOMHPOPMALIMOHHBIN aHanu3 NoKasblBaeT, YTO YacToTa SKTOMUYECKMX
KOHTaKTOB Mexay X:11AB 1 gpyrymu paiioHamm X XpoMOCOMbl 0ByCnoBNEHa NPUCYTCTBUEM KOPOTKOro (~30 n.H.)
¢dparmerTa [HK, 4acTYHO rOMONOTMYHOrO Y4acTKy 372 n.H. catennutHoin JHK. bpuabl, MMes ofvHaKoBylo Cro-
COBHOCTb K 06yYeHNo B Mapagurme yCioBHO-pedneKTOpHOro NoAaBeHUA yXaKMBaHWs, NPOABAAIOT NAaTPOKVHHbIN
XapaKkTep HacneloBaHNA CPeAHECPOYHON MaMATU. DTO MOXET ObITb CBA3aHO C YPOBHeM 3Kkcnpeccun mnP-794. Mapa-
METPbl IOKOMOTOPHOW aKTVBHOCTW NPOABAAIOT reTeposunc. Mo-Buammomy, 1oKyC agnis3 ocyLecTBnaeT TpaHcperyna-
LMo NPOCTPaHCTBEHHON OpraHn3aLum Afpa, TeM CaMblM B/IMAA Ha KOJIMYECTBEHHble NPM3HaKy (NoBeaeHe).

KnioueBble cfioBa: 3GpdEKT pOANTENBCKOro NpoucxoxaeHus annenei; 3D opraHu3auma Agpa; SKTonMyeckme KOHTaKTbl

xpomocom; LIM-kunHaza 1 (LIMK1); aktuH; mukpo-PHK; obyueHne; dopmrpoBaHme NnamaTi; NOKOMOoLUA.

Introduction

Genome plasticity is ensured by the architecture of specific
nuclear loci and nuclear localization of transcriptional ma-
chinery (Medrano-Fernandez, Barco, 2016; lourov et al., 2019)
where the chromatin organization is the priority-driven factor
(Ito et al., 2014; Medrano-Fernandez, Barco, 2016; Li et al.,
2018). The outcome of recent achievements in systems biology
is the notion that the plasticity of 3D chromatin architecture
of nervous cell nuclei plays the leading role in cognition
and neuropsychiatric disorders (Medrano-Fernandez, Barco,
2016; Kim et al., 2018; lourov et al., 2019). The epigenetic
component is still an underestimated source of psychomotor
disturbances and neuronal diversity (Savvateeva-Popovaetal.,
2017). Therefore, a new field of human biomedical research
named molecular cytogenetics and cytogenomics (lourov et
al., 2008), or chromosomics (Liehr, 2019) has evolved. The
main goal of chromosomics is the study of chromosomes,
their 3D architecture in the interphase nucleus, the outcomes
of chromosomal sub-region plasticity and gene interactions for
shaping interindividual and intercellular genomic variations
in normal behavior and disease.

Recently, this topical problem has turned out to be the
pursuit of understanding the concomitant role of active
forgetting, since the antithesis to learning acquisition is the
forgetting or memory erasure (Davis, Zhong, 2017). Both
processes are independent and controlled by different signal
cascades: learning acquisition and memory consolidation
occurs via CAMP cascade, its components being CREB and
C/EBP. Active forgetting relies on actin remodeling cascade
responsible for structural alterations of neurons and synapses:
small GTPase Racl — LIMK1 (the key enzyme of actin re-
modeling LIM-kinase 1) and its phosphorylation substrate
cofilin. The absence of Racl-dependent forgetting causes
the autistic spectrum disorders. Expression changes (active
or non-active state) of LIMK1 and cofilin lead to different
neuro pathologies. The most studied example embracing all
the aforementioned facets of manifestations is Microdeletion
(Deletion) Williams—Beuren Syndrome, or WBS in 7¢11.23.
WABS deletion leads to cardiovascular pathology, cognitive
deficit in visuospatial construction and hypersociability
(Kaiser-Rogers, Rao, 2005; Nikitina et al., 2014c). This is
because long-term synaptic plasticity and depression deter-
mine successfulness of learning and memory, as well as of
locomotor behavior, and depend on epigenetic regulation of

LIM-kinase 1 (LIMK1) gene, one of approximately 28 genes
uncovered by WBS deletion. Epigenetic regulation of LIMK1
activity involves DNA methylation, chromatin remodeling and
the noncoding RNA-mediated process (Smrt, Zhao, 2010).

LIMKZ, a member of serine/threonine (Ser/Thr) family
kinases regulated by the Rho-GTPase pathway, is the key
enzyme of actin remodeling cascade. Dendritic spines are
actin-rich structures, and spine dynamics is driven mainly by
actin remodeling, thus sharing several molecular pathways
with dendrite growth (Smrt, Zhao, 2010). Increasing sets of
evidence suggest that nuclear actin also plays a pivotal role
in transcriptional regulation and DNA repair. Interestingly,
monomeric actin is a stoichiometric subunit of a variety of
chromatin remodeling complexes. A shift between monomeric
and polymeric states modifies activity of histone deacetylases
(Klages-Mundt et al., 2018).

Recently, we have developed a simple and appropriate
Drosophila model for chromosomics (Savvateeva-Popova
et al., 2017) using the properties of the agnostic locus har-
boring LIMK1 gene (X:11AB). This region possesses the
properties of intercalary heterochromatin. Being a hotspot of
chromosome breaks, ectopic contacts, underreplication and
recombination, the region attains strain-specific architecture
marked by single base changes and small insertion/dele-
tions. The EMS-induced temperature-sensitive (ts) mutation
agn®s3 carries the insertion of transposable element (TE) from
Tcl/mariner superfamily ~460 bp downstream 3'UTR of
Drosophila LIMK1 gene (dlimk1), as well as A/T-rich 28 bp
insertion within intron 1 of dlimkl capable of pairing with
5" TIR of the TE.

When maintained at 29 °C, agn'3 shows a temperature-
sensitive lethality at all stages of development except for the
imaginal stage. At normal temperature, the adult flies show
drastic learning acquisition and memory retention defects, as
well as locomotor impairments and amyloid-like inclusions
(Nikitina et al., 2014b; Kaminskaya et al., 2015). Stress
exposure (heat shock for 30 min at 37 °C) suppresses these
manifestations (Nikitina etal., 2012, 2014a). Also, agn's3 mu-
tation leads to: (1) LIMK1 and p-cofilin increase in the adult
brain and salivary glands of 3rd instar larvae at 22-25 °C and
a fall down to the level of the wild type strain Canton S at
29-37 °C; (2) high level of ts-induced recombination within
agn®s3 region; (3) 3-fold increase in frequency of non-allelic
ectopic contacts (FEC) within 2L arm of the chromosome 2
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and in the 11B X chromosome region (Medvedeva et al.,
2010). Additionally, miRNAs expression including the bio-
markers for human neuropathologies is drastically reduced
in agns3 relative to the wild type strains (Savvateeva-Popova
etal., 2017).

agn'3-specific nuclear organization is shaped in early em-
bryogenesis alongside with formation of chromosomal hetero-
chromatin regions. Intrinsic agn's3 FEC is maternally inherited
(Medvedeva et al., 2010). Therefore, agns® is a promising
model for studies on parent-of-origin effects (POEs) on prog-
eny considered as significant causative factors of psychiatric
disorders (Zayats et al., 2015). For instance, a 1.5 Mb WBS
deletion recurrently arises de novo and depends on POEs: ma-
ternal origin leads to more severe developmental abnormali-
ties and microcephaly (Pérez Jurado et al., 1996). Moreover,
when WBS deletion has a paternal origin, expression levels of
a number of genes within the WBS deletion decrease. Among
these genes crucial for the brain development is a gene for ge-
neral transcription factor I1-1 (GTF2I). It regulates transcrip-
tion by binding to DNA and histone deacetylase (HDAC) (Col-
lette et al., 2009). The main goal of the study is the analysis
of POEs role in shaping quantitative traits, namely learning
acquisition, memory retention, locomotion, and miRNAs ex-
pression while using the advantages of the Drosophila model
for POEs in progeny from reciprocal crosses between agnts3
and the wild type strain Berlin (Fig. 1).

To meet the requirements of chromosomics, FECs between
the region X:11AB and the other bands of the X chromosome
may be estimated as an indicator of chromosomal spatial
organization. This approach is justified by the existence of
late-replicating genomic territories including the underrepli-
cated regions of polytene chromosomes. These regions over-
lap with late-replicating regions of mitotically dividing cells
(Belyakin et al., 2005). Suppression of SUUR gene responsible
for underreplication of intercalary heterochromatin and, as a
consequence, for the ectopic pairing leads to death in early em-
bryogenesis (Belyaeva et al., 1998). Additionally, to elucidate
the contribution of DNA sequence homology as components
of epigenetic regulation in the ectopic chromatin pairing we
have developed the special software package Homology Seg-
ment Analysis.

Materials and methods

Drosophila stocks. The fly stocks used belong to Biocollec-
tion of Pavlov Institute of Physiology of the Russian Acade-
my of Sciences:

« Berlin, a wild type strain;

« Canton S, a wild type strain;

* agn's3, a temperature-sensitive mutation on Canton S
genetic background within agnostic locus (X:11AB) af-
fecting dlimk1 activity.

The reciprocal hybrids between agn's3 and Berlin were used
because Berlin dlimk1 sequence is closer to FlyBase reference
sequence (Savvateeva-Popovaetal., 2017). At the same time,
the reciprocal hybrids agn's3x Canton S (the genetic back-
ground for agns3) and Canton S x agn's3 demonstrate exactly
the same cognitive behavior as reciprocal hybrids with Berlin
(Vasiljeva et al., 2019) approving the usage of Berlin.

Figure 1 shows the X chromosome and autosomes archi-
tecture in Berlin and agn®® female and male parents and
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Fig. 1. Architecture of Drosophila chromosomes in the studied strains.

F1 female and male progeny from reciprocal crosses with the
accent on the putative hairpin formed in the X chromosome
by 28 bp A/T rich insertion within intron 1 of dlimk1 gene
and 3’ end of Tcl/mariner element.

Flies were maintained on standard Drosophila yeast-raisin
medium at +22+0.5 °C under a 12-h light/dark cycle. For
the memory and locomotion tests, males were collected upon
eclosion without narcotization and kept individually in culture
vials till the behavioral experiments on the 5th day.

Estimation of frequency of ectopic contacts (FECs).
The aceto-orcein squash preparations were prepared from
salivary glands of Il instar D. melanogaster female larvae.
20 to 30 animals were examined, therefore the number of
analyzed chromosomes varied from 300 to 500. The examples
of ectopic contacts are presented on Fig. 2. The number of
non-homologous contacts between the region X:11AB and
different bands of the X chromosome was calculated and ex-
pressed as per cent of the total number of the examined nuclei.
FECs in parents and F1 reciprocal hybrids were compared
using Student’s t-test. Identification of genes localized in the
X chromosome bands forming contacts with the 11AB region
was performed using NCBI Genome Data Viewer database
(https://www.ncbi.nlm.nih.gov/genome/gdv/) and molecular
function of identified genes was derived from FlyBase (https:/
flybase.org).

Bioinformatics analysis of DNA segments homology.
D. melanogaster genome sequence (release 6) was taken from
(Zerbino et al., 2018). Special software package Homology
Segment Analysis searching the matches of short single-
stranded DNA fragments within the chromosome areas
involved in the ectopic pairing in Drosophila has been deve-
loped. The software written in Python 3 can be freely down-
loaded from (Zhuravlev, 2019a). Software version from git
(commit 41719cddc6283edbd79c5bf2aee237cde48d4b7d)
was used. The algorithm of the program is described in brief in
(Zhuravlev, 2019b). The exact run parameters for 11AB region
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Fig. 2. Examples of ectopic contacts in the 2L (a) and in the X (b) chromosomes.

are following: segmentanalysis.py -v -s 30 dm6.nounmapped.
fa.gz :X:11982050:12772070 DmelMapTable.160615c.bed

Here, dm6.nounmapped.fa.gz is Drosophila genome ca-
nonical sequence (Ensembl release 6) and DmelMapTable.
160615c.bed is chromosome bands location from Ensembl
database converted to BED format. Both files are included in
software repository.

For other tested regions, all parameters were the same
except for the regions location.

Preparation of miRNAs libraries and bioinformatic
analysis. The detailed description of the procedure is given
in (Savvateeva-Popova et al., 2017). Extract RNA reagent
(Evrogen, Russia) was used for total RNA extraction from
adult 5 days old males. To obtain the fraction of small RNA,
25 pg of total RNA were separated using 15 % polyacrylamide
gel electrophoresis in the presence of Urea (8 M) following
excision of small RNA fraction corresponding to 21-29 nts.
[llumina TruSeq Small RNA prep kit (Illumina, USA) was
used for small RNA libraries preparation. Sequencing was
performed on an Illumina HiSeq 2000 platform.

The amount of mapped miRNAs reads was counted by
BEDTools (v. 2.22) and mirbase annotation (r. 19) (Quinlan,
Hall, 2010). Analysis of differentially expressed miRNAs was
performed using edgeR (v. 3.10.2) package in R environment
(v. 3.2.2) (Robinson et al., 2010). miRNA functions were
derived from miRBase (Kozomara et al., 2019). Small RNA
libraries were deposited in NCBI SRA under the number
PRINAG33483.

Locomotor activity. Computer-aided automatic device for
simultaneous registration of 20 animals is described in (Za-
kharov et al., 2012). The experiment lasted for 1 h. Sponta-
neous locomotor activity of flies was detected in a plate with
eight chambers and transparent cover using high-resolution
video camera. Software used for locomotor activity analysis
is freely available at (Zakharov, 2017).

The following parameters of locomotion were assessed:
activity index (%); run frequency (the number of run bouts
in 100 seconds); running speed (mm/s). The full record was
divided into 1 s quanta, and the mean speed of fly movement
in each quantum was calculated. If the result was less than
the threshold value (5 mm/s), the fly was considered to be
resting during this time quantum; otherwise, it was considered

moving. Neighboring quanta with similar movement pattern
were merged in intervals of moving and resting. Activity index
is determined as a time spent in movement. Running speed
is an average fly speed, determined using only intervals of
movement. The Kruskal-Wallis analysis of variance with the
multiple comparison of mean ranks was used to compare all
the experimental groups.

Learning acquisition and middle-term memory forma-
tion in Drosophila males. Detailed description of learning/
memory assessments in conditioned courtship suppression
paradigm (CCSP) and specially designed software for obser-
vation and statistical analysis (randomization test) of learning
indices based on courtship indices is given in (Kamyshev et
al., 1999). CCSP employs the natural stimuli of Drosophila
courtship. Both virgin and fertilized females emit an aphro-
disiac pheromone, attracting a naive male without courtship
experience. However, a fertilized female rejects a male at
the courtship stage of attempted copulation via emitting an
aversive pheromone. Repetitive rejections during 30 min
training provoke a kind of learned helplessness when a male
stops courting another female. This courtship suppression
might last for one hour when test female is virgin and for
eight hours when fertilized. Males with defective memory
formation continue to court after such a training as vigorously,
as naive males.

The courtship index (CI, percentage of time spent in court-
ship) was calculated for each male. The learning index (LI)
was computed according to the formula:

LI = [(Clya - Cly)/Clyal - 100 = (1- Clyg/Cly,) - 100,

where Cl, and Cl,y are the mean courtship indices for in-
dependent samples of naive and trained males, respectively.

Results

Analysis of spatial nuclear organization

delimited to FECs formed

by the X chromosome region 11AB

Spatial nuclear organization was analyzed using microsco-
pic images of polytene chromosomes in larvae salivary
glands. The results of comparative analysis of FECs between
the 11AB region and the other X chromosome regions in
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Table 1. Comparative analysis of X — X:11AB FECs in Berlin, agn®3, and their reciprocal hybrids

X chromosome 1 2 3 4 Tvs2 3vs4 2vs3 2vs4 Tvs3
region
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Table 1 (continued)

X chromosome 1 2 3 4 Tvs2 3vs4 2vs3 2vs4 Tvs3
region
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Table 1 (end)

X chromosome 1 2 3
region

gntSB

Parent-of-origin effects
on nuclear chromatin organization

4 Tvs2 3vs4 2vs3 2vs4

Note. NA (not applicable) for 11AB region frequencies indicates that region cannot pair with itself.

* No difference, two-sample Student t-test for difference of means (t ;) <1 reflecting a mode of FEC inheritance: maternal — n columns 1 vs 2 and 3 vs 4, paternal -
in columns 2 vs 4 and 1 vs 3, hybrid-specific - columns 2 vs 3.

# Difference tgis > 1, in columns 1 vs 2 and 3 vs 4 reflecting the region with FEC higher in hybrids than in parents (heterosis) or regions present only in the hybrid
strains.

No symbol represents the absence of contacts, therefore statistical significance cannot be estimated.

Berlin, agn's3 and their hybrids are presented in Table 1. The
columns 1-4 show the pattern of FECs between the 11AB re-
gion and other X chromosome regions pertinent to listed
strains. The absence of significant differences of FECs be-
tween columns, i.e. 1 vs 2 and 3 vs 4 indicates matroclinic
inheritance, 2 vs 3 indicates hybrid-specific frequencies, 2 vs 4
and 1 vs 3 pinpoints the patroclinic inheritance. The polytene
chromosome bands in hybrids demonstrate differences in
FECs, a part of them showing either matroclinic properties
or properties of the father strain. In certain bands, FECs are
similar in reciprocal hybrids (hybrids-specific, i.e. FEC is
equal for hybrids, being different from at least one parent)
or depend on the direction of a cross, but significantly differ
from that of parents.

NCBI Genome Data Viewer software helped to reveal the
genes located in the X chromosome bands forming the ecto-
pic contacts. Based on the assumption that shared location of
genes determines their functional features (Liu et al., 2019),
it was worth elucidating what biological processes are under
the influence of epigenetic factors related to allelic parent-
of-origin. Therefore, the grouping of genes implied their
involvement in control of a certain biologic process (Fig. 3).

Figure 3, a presents provisional definition of the biological
processes controlled by genes within bands forming contacts
with 11AB region either in matroclinic or in reciprocal hybrid-
specific manner. Among the functional groups of genes having
increased number in agn'3 x Berlin relative to the reciprocal
hybrid are genes for motor proteins (8, 4.5-fold) and sensory
receptors (2, 3.5-fold). Genes involved in neurodevelopment,
oxidative-reduction process and proliferation do not present in
Berlin x agn's3 progeny. Heterosis, when the number of genes
involved in hybrid-specific contacts is more than 2-fold higher
than in both parents, is manifested for oxidative-reduction
process (3), signal transduction (4), proliferation (9) and non-
coding RNAs (13).
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The biological processes and genes involved in ectopic
contacts with 11AB in a mode of father strain are shown in
Fig. 3, b. Among them are the genes responsible for chromatin
remodeling (5, 5-fold increase in agn's3 x Berlin relative to the
reciprocal hybrid), reactive oxygen species metabolic process
(3, 3-fold), and metabolism (6, 3-fold). Sensory perception and
signal transduction groups do not present in Berlin x agnts3,

Data on biological processes and the number of genes in-
volved in contacts with 11AB region exclusively in hybrids
or with FECs prevailing those of parents (FEC heterosis), are
shown on Fig. 3, c. The ratio of gene numbers for agn's3 x Ber-
lin and Berlin x agn®2 reveals functional significance of other
gene groups. The magnitudes of differences may be ranged as
follows: lipid metabolism and neurotransmitter secretion (20,
8-fold); metabolism (6, 2.3-fold); cell proliferation (9, 6-fold;
as in previously published evidence on agn®3 (Tokmacheva,
1995)); chromatine remodeling (5, 3.5-fold). Reparation/
recombination group does not present in Berlin x agnts3,

Profiles of the localized fragment frequencies (LFFs)

Using our specially designed software Homology Segment
Analysis, we analyzed correlation between ectopic pairing
and distribution of small identical fragments within contact-
ing regions.

The region X:11AB (~790 kb) involved in Drosophila
X — X:11AB ectopic pairing was selected as the source of
small 30 nt fragments, and the profile of X:11AB localized
fragment frequencies (LFFs) was constructed for the X chro-
mosome (Fig. 4). The region X:14B-15B was selected as
a control region having almost equal length (~790 kb).

Both LFF and the FEC (X — X:11AB) distributions signifi-
cantly differ from normal. Therefore, we calculated Spear-
man’s rank-order correlation coefficients (rg) for LFF and
the strain-specific FEC (X — X:11AB) (Table 2). A positive
correlation between LFF and FEC is observed within the re-
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Neurodevelopment

Sensory receptors
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Signal transduction

Chromatin remodeling

Metabolism

Transcription factors

Actin and microtubules-binding proteins, motor function
Proliferation

Chitin

. Morphogenesis

. Membranes and lipid metabolism

13. Non-coding RNAs

. Sensory perception

15. Transcription apparatus

16. Muscle system, actin-binding, microtubules
17. Meiosis, reparation, recombination

18. Translation apparatus

19. Learning, memory, courtship behavior, locomotion
20. Neurotransmitters, secretion, lipid metabolism
21. Ubiquitination

22. Morphogenesis, oogenesis
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Fig. 3. Processes controlled by genes within bands involved in ectopic contacts: a - matroclinic- and reciprocal hybrid-specific contacts; b - patroclinic-

specific contacts; ¢ — hybrids-specific contacts.
X axis - the biological processes, Y axis — the number of genes.
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1A 1E 2C 3A 3E 4C 5A 5 6C 7A 7E 8C 9A 9E 10C 11C 12A 12E 13C 14A 14E 15C 16A 16E 17C 18A 18E 19C 20A 20E
020 14B-15B fragments
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0.16 u LFF (30 nts)
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1A 1E 2C 3A 3E 4C 5A 5E eC 7A 7E 8C 9A 9E 10C 11C 12A 12E 13C 14A 15F 16D 17B 17F 18D 19B 19F 20D 20F

Fig. 4. Berlin ectopic contacts frequencies (FECs) and localized fragment frequencies (LFFs) for fragments of 11AB and 14B-15B regions. The

X chromosome bands are shown.

gion of interest X:11AB. The influence of the fragment length
on rg value has been tested. For 30 nt fragments, rg is highly
significant for all Drosophila strains (p < 0.001). As to LFF
(X:14B-15B), there is no significant correlation with FEC
(X —X:11AB) (p > 0.01) pointing to specificity of analysis
of DNA homology within the region of ectopic pairing. For

20 nt fragments, there is a false-positive correlation between
LFF (X:14B-15B) and agn'3x Berlin FEC (X:11AB). Pro-
bably, 20 nt fragments are too short to display DNA homolo-
gy specifically associated with ectopic pairing. The increase
in fragments length from 20 to 50 nt leads to decrease in
LFF (X:14B-15B) - FEC (X —X:11AB) unspecific correlation
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Table 2. Spearman’s rank correlation (r) between LFF and strain-specific X - X:11AB FEC

X chromosome

Fragments length, nt
region

Note. Bold: non-significant correlation (p > 0.01).

Table 3. Spearman’s rank correlation (rs) between Berlin X — X:11AB FEC and localization frequency values for specific DNA sequences

Sequence

NO X area rs p
..... 6 95E_11F0218000172
..... 3 97D_12Fo3o3oooog
110 ...................... 3 B_1 33 ..................... o 300 .................... 0 0009 ..................

”6 ...................... 4 F_135 ..................... 0 206 .................... 0 0241 ..................

694 ...................... 2 B_zoc .................... 0 195 .................... 0 033 ....................

311 ....................... 1c_20|: ..................... 0 027 .................... 0 770 ....................

289 ...................... 3 A_ 2 0 |: ................... - 0002 .................... 0 935 ....................
..... 752A_19c_ooo10989

Note. Bold: non-significant correlation (p = 0.01). NO - the number of occurrence of fragment within the X chromosome excluding area 11AB; X area - the area

of the X chromosome where the fragment has been localized.

#50 bp fragment; * fragments with a partial homology to 372 bp repeat (see in text).

and simultaneous increase in LFF — FEC (X:11AB) specific
correlation. However, there is a lack of LFF (50 nt) — ECF
correlation for agn®s3. Hence, 30 nt fragment length seems to
be optimal in search for the identical fragments within the
candidate chromosomal regions involved in ectopic pairing.

To find out what DNA sequences impact the ectopic pair-
ing the most, we calculated rg between Berlin FEC and the
localization frequencies for the several specific X:11AB 30 nt
fragments having the highest number of occurrences (NO)
in the X chromosome (Table 3). The maximal correlation is
evident in the part of 372 bp middle repetitive DNA sequence
(marked with asterisk (Waring, Pollack, 1987)). The majority
of fragments with significant positive rg values appear to be
the parts of a ~50 bp repeat (marked with #) having significant
self-complementarity. This sequence also shows an almost
complete identity to another part of 372 bp repeat. Such repeats
with slight sequence variations occur in both DNA strands of
the X chromosome. rq is much lower for (-at-),; repeat and is
nearly absent for (-gt-), s, (-tc-),5 and (-ca-),; repeats, although
their NO can be higher. Noteworthy, all rg values for 372 bp
repeat fragments are lower compared to rg for the whole set
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of the localized fragments (see Table 2), hence all of them
seemingly impact ectopic pairing.

miRNAs expression profile

Analysis of miRNAs expression in Berlin, agn®3 and their re-
ciprocal hybrids demonstrates significant differences between
males of parent strains and hybrids in content of 44 miRNAs.
For the reciprocal hybrids, the heat maps of miRNAs expres-
sion are presented in Fig. 5. Among 44 miRNAs 10 miRNAs
belong to the same cluster of testis-specific miRNAs (Mo-
hammed et al., 2014). However, only miR-980 and miR-974
are involved in memory processes. Expression of miR-980
suppresses Drosophila memory (Guven-Ozkan et al., 2016),
while lowered expression of miR-974 impairs memory forma-
tion (Busto et al., 2015).

The heat map represents the RPM-normalized and log,-
transformed counts of miRNAs reads with z-scale normaliza-
tion of the rows. Thirty percent of low-expressed miRNAs
were removed from further analysis. Only the miRNAs with
altered content in a hybrid compared to at least one parent
are shown.
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Fig. 6. Locomotor activity in agn®s3, Berlin and their reciprocal hybrids.
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Fig. 5. The relative content of miRNAs in reciprocal hybrids compared to from Berlin (Kruskal-Wallis analysis, the multiple comparison of ranges, n = 20,

parents. p <0.05).
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Fig. 7. Learning and memory in parents agnts3, Berlin and their reciprocal hybrids immediately and 3 hrs after training: a - courtship indices; b - learning
indices.

@ difference from naive males; # difference from agnts3; * difference from Berlin; & difference from Canton S (two-way randomization test, p < 0.05).
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When male parent originates from Berlin strain in crosses
agn®3x Berlin, learning and 3-hour memory do not differ
from LIs of Berlin, but do differ from LIs of agn®2. Patroclinic
inheritance is evident in the reciprocal hybrid Berlin x agnts3,
In this case, 3-hour Lls in Berlin x agn®3 and agn's3 are simi-
lar. The patroclinic inheritance cannot be associated with the
Y chromosome, as it is likely to be similar in Berlin, agnts3
and Canton S (see Materials and methods, Drosophila stocks
description). Also, it cannot be attributed to the X chromo-
somes, since they are different in Berlin and agnts3x Berlin.
Seemingly, this may be caused by some paternal epigenetic
factors, such as miRNAs in cytoplasm of male sperm.

Discussion

Studies of genome-wide associations between DNA polymor-
phisms and phenotypic traits have revealed genetic variants
predisposing to different mental diseases. Findings pinpoint-
ing the role of POEs in genetic risk for neuropathology open
new possibilities for therapy and preventive medicine (Zayats
et al., 2015). In this study, we estimated FECs in reciprocal
hybrids considering an impact both of genetic variants of
agn's3 gene and epigenetic factors (POEs) in spatial nuclear
architecture, learning/memory formation and spontaneous
locomotor activity.

To exploit the advantages given by the model, we delimited
the analysis of spatial nuclear organization to FECs formed
by the X chromosome region 11AB harboring dlimk1 gene.
Our assumption was that FECs partly reflect the restricted
homology of short DNA sequences in different, seemingly
“non-homologous” regions.

As shown in this study for the short identic fragments within
the contacting regions, FECs correlate with LFFs. Although
the correlation is rather moderate (~0.35), it is highly specific
for 30 nt fragments. Many factors affect ectopic pairing,
such as DNA homology, the distance between the interact-
ing regions and epigenetic factors causing the interstrain
FECs differences (Zykova et al., 2018). Our computational
algorithm concerns only fragments aligned with the X chro-
mosome without gaps. This reveals the partial homology of
interacting bands. Thus, the interacting chromosomal areas
may be significantly larger than 30 or 50 nts. Although dif-
ferent mechanisms are involved in ectopic pairing, including
POEs, our data indicate the significant role of DNA sequence
itself. However, as FEC-LFF correlation is mainly observed
for specific DNA fragments, their pairing mediated by some
proteins or non-coding RNAS cannot be ruled out.

Most of the found 30-50 nt fragments are similar to the
D. melanogaster dispersed 372 bp A/T-rich noncoding repeat
(Waring, Pollack, 1987). This moderately repeated sequence is
located in the euchromatin of the X chromosome between the
regions 4 and 14A in ~300-400 copies per haploid genome.
The 372 bp repeat is a part of 1.688 g/cm3 class of satellite
DNA (1.688X repeats) (Jagannathan et al., 2017). siRNA
from the 1.688X repeats is involved in dosage compensation
in recognition of the X and autosomal chromatin, thereby
delimiting activities of male-specific lethal (MSL) complex
to sex chromosomes through up-regulation of the X chromo-
some (Menon et al., 2014).

The data obtained consider the common mechanisms of
ectopic contacts formation and dosage compensations. Seem-
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Parent-of-origin effects
on nuclear chromatin organization

ingly, POEs might influence the spatial chromatin organiza-
tion, thereby affecting behavioral performances.

This indicates that each Drosophila strain possesses its
own pattern of ectopic contacts with the region 11AB. The
polytene chromosome bands are heterogeneous in their modes
of regulation of ectopic pairing. A part of them is regulated by
genes of either maternal, or paternal origin. A separate class
is comprised of regions manifesting only hybrid properties.
Similar POEs were observed for the pattern of methylation and
nucleosome distribution within the imprinted loci in humans
and plants (Dong et al., 2018; Zink et al., 2018).

In both reciprocal crosses, bands 7A, 9A and 13B display
the maternal properties. When mother is agn's3, FECs in these
bands significantly decrease. In this case maternal control of
spatial localization and therefore, of gene expression is ge-
netically determined. These are genes controlling membrane
receptor regulation (PPYR1) and signal transduction (gce),
chromatin remodeling (Topl, HDACS6), axon guidance and
chemosensory jumping behavior (acj6).

In the cross agn®3 x Berlin, the number of genes with known
functions contacting with 11AB with maternal-specific fre-
quency is 2-fold higher than in reciprocal cross. Possibly, this
is due to the agn's3-specific miRNAs pattern of expression.
The role of miRNAs in maternal inheritance and expression
in embryogenesis is sparsely studied. As we have shown
earlier, the expression level of miR-9, miR-34 and miR-124
differs in agn's3 from that in Berlin, Canton S and Oregon-R
(Savvateeva-Popovaetal., 2017). miR-9 and miR-124 are also
expressed in early development (0-12 hrs) (Sempere et al.,
2003), miR-34 is detected in embryos till zygotic reduction
(Soni et al., 2013). As known, the switch from maternal to
zygotic development program occurs between the second and
the third hours of embryonic stage, hence miRNA found in
early development have maternal origin (Schier, 2007). These
miRNAs targets are Swi/Snf-like complex, neural-progenitor-
specific npBAF, repressor-element-1-silencing transcription
factor (REST belonging to 1 class of histone deacetylases
(HDAC1/2) and silent information regulator 1 (SIRT1) —
3 class of NAD*-dependent histone deacetylases involved in
heterochromatin formation, Bourassa, Ratan, 2014). They are
involved in neurogenesis, dendrite morphogenesis and axon
guidance which depend on global chromatin remodeling.

Therefore, it is not surprising that in cross agn's3x Berlin
ectopic contacts between 11AB and regions containing genes
involved in chromosome remodeling are formed with fre-
quency characteristic for the maternal genome. The products of
these genes are: Tip60 — histone acetyltransferase, HDAC6 —
histone deacetylase; mxc — regulator of histone synthesis of
Polycomb group; Topl — DNAtopoisomerase. However, only
two regions containing genes HDACG6 and Top1 are present
in cross Berlin x agn®s3,

Noteworthy, new knowledge about topologically associat-
ing domains (TADSs) indicates that polytene, diploid, and
embryonic TADs condensation along the chromosome axis
is just the same everywhere (Eagen et al., 2015). Moreover,
comparison of TADs with 3D chromatin organization revealed
by the Hi-C method confirms that the interphase nucleus
spatial organization into TADs is directly represented by band-
ing pattern of polytene chromosomes (Kolesnikova, 2018).
Therefore, this allows to bridge the ratio of genes forming
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ectopic contacts in a mode of either maternal, or paternal strain
in reciprocal crosses and their physiologic manifestations.
The later might result from alterations in the 11AB region
architecture. As shown in Fig. 3, a, the agn's3-like matroclinic
mode of inheritance is pertinent to genes responsible for actin
and microtubules-binding proteins with motor function and
neurodevelopment. Noteworthy, the state of actin remodeling
determining neurologic manifestations is a diagnostic feature
of agn's® (Savvateeva-Popova et al., 2017).

The regions with FECs similar in reciprocal hybrids, but
differing from parents, i.e. manifesting hybrid properties,
contain a large set of genes responsible for motor functions.

Figure 3, ¢ shows genes and biological processes for chro-
mosomal regions forming ectopic contacts with X:11AB only
in hybrids or mainly in hybrids compared to parents. These
processes are pertinent to main manifestations of agnts3:
meiosis, reparation, recombination; transcription factors; me-
tabolism; proliferation; actin-binding proteins, microtubule-
associated proteins.

Interestingly, in the cross Berlin x agns3 the chromosomal
bands 8D, 12E, and 19D demonstrate FECs significantly ex-
ceeding these of parents. These bands contain genes involved
in taste and odor perception and neurodevelopment, in particu-
lar of the mushroom bodies of the brain. The other examples
of father strain manifestations might result from activities of
trans-acting factors, such as miRNAs (Wittkopp et al., 2006).

miR-974 is involved in memory processes: its lowered
expression impairs memory formation (Busto et al., 2015).
Decrease in its content in olfactory neurons and the mushroom
body V2 neurons promotes 3-hour memory. Noteworthy, the
content of miR-974 is decreased both in agn's3 and in progeny
of Berlinx agn®2 (impaired 3-hour memory) and is similar to
wild type in the agnts3 x Berlin cross (normal memory). Likely,
miR-974 might act as trans-acting factor presumed to regulate
genes in patroclinic mode. The prevailing role of the paternal
genome in memory formation is evident in Canton S and agn's3
reciprocal hybrids (Vasiljeva et al., 2019).

Taken together, our data indicate that the agnostic locus
might belong to the class of quantitative trait loci (QTL) (Qin
etal., 2019).

Conclusion

One of the requirements of predictive and personalized
medicine is consideration of POEs for prognosis of clinical
phenotype of many multifactorial neuropsychiatric disorders.
These different and individual manifestations of cognitive
abilities and motor functions in patients with the same disease,
i.e. behavioral plasticity, results from genome plasticity pro-
voked by 3D chromatin architecture of the nerve cells nuclei.
The evolutionary gene conservation approves the usage of
simple low cost, fast and efficient models as Drosophila to
probe the causes, consequences and mechanisms of patho-
logy leading to human disease (Peffer et al., 2015). The Dro-
sophila agnostic LIMK1 gene is a good candidate for linking
the neuronal activity (spine remodeling, neurite outgrowth,
trafficking of intracellular components, postsynaptic density
functioning) and genetic apparatus (transcription machinery,
chromatin-remodeling factors). Additionally, quite recent and
unexpected findings (Davis, Zhong, 2017) reveal a new target
of intellectual disabilities: learning acquisition and memory
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erasure (forgetting) are governed by different signal cascades,
correspondently cAMP-dependent and actin remodeling cas-
cade small GTPase Racl — LIMK1 (the key enzyme of actin
remodeling LIM-kinase 1) and its phosphorylation substrate
cofilin. The absence of Racl-dependent forgetting causes
the autistic spectrum disorders. Expression changes (active
or non-active state) of LIMK1 and cofilin lead to different
neurological disorders. Therefore, in the tradition of Russian
genetic school (Lobashev et al., 1973), the agnostic gene
might be a functional link between genetic and cytogenetic
processes within the nervous system and serve as a model for
elucidating both the maternal and paternal modes of transgen-
erational inheritance.
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Variability of mitochondrial DNA D-loop sequences
in Zabaikalskaya horse breed
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Abstract. The Zabaikalskaya horse is an indigenous breed of horses from Siberia with diverse use. It is characterized by en-
durance and good adaptability to year-round herd maintenance in the harsh conditions of the Baikal steppes. To determine
the genetic characteristics of the maternal lineage of the Zabaikalskaya horse breed based on mitochondrial DNA polymor-
phisms, we collected hair samples from 31 horses belonging to breeding farms in the Trans-Baikal Territory. Analysis of the
530 bp sequence of the mtDNA D-loop was performed using the maximum composite likelihood (MCL) model in combina-
tion with bootstrap analysis. When studying the polymorphism of the hypervariable region of the mtDNA D-loop in Za-
baikalskaya horses, we identified 31 haplotypes representing 8 haplogroups: B, C, G, H, L, M, Q and R according to modern
classification. The sequenced fragment of the D-loop from nucleotide position 15471 to 16000 contained 17 polymorphic
sites, mainly represented by the A—G, G—A and T—C transitions. The haplogroups Q (25.81 %), B (19.35 %), G (16.13 %)
and H (12.90 %) were prevailing in the mtDNA structure of this breed. Genetic analysis of the mitochondrial genome of
the Zabaikalskaya horse revealed a high level of diversity of haplotypes and haplogroups, which are typical for the horse
populations of Eurasia.

Key words: genetic diversity; haplogroups mtDNA; horse; phylogenetic analysis; Zabaikalskaya breed.
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BapumabenbHOCTD II0C/IeJ0BATENbHOCTY D-TIeTan
MuTOoXoHApuaabHOI JHK vy gomiazei 3adaikaabCKO ITOPOAbI

A.A. Xpa6posa! @, H.B. Baoxunal, B.3. Basapou?, T.H. Xamupyes?

1 Bcepoccninckuii HayuyHo-ucceAoBaTeNbCKUn MHCTUTYT KOHEBOACTBA, Noc. [InBoBo, PbIGHOBCKMIA palioH, PAsaHckan obnacTtb, Poccua

2 HayuHo-nccnefoBatenbCcKnin MIHCTUTYT BeTeprHapun BoctouHoi Cnbupm — dunman Cnbmpckoro dpefepanbHOro HayuHoro LeHTpa arpobroTexHonoruia
Poccunckon akagemmm Hayk, Ynta, Poccua

® I khrabrova@yandex.ru

AHHoTauuA. 3abalikanbcKkas fowagb — abopureHHasa nopoga nowapen Cnbrpmn yHMBepcanbHOro Mcnonb3oBaHmMsA. OHa xa-
paKTepPU3yEeTCA BbIHOC/IMBOCTbIO 11 XOPOLIE MPUCMOCOBIEHHOCTBIO K KPYroroanyHoOMy TabyHHOMY COLlEPKaHUIo B Cypo-
BbIX YCNoBUAX 6aKanbcKkux ctenei. ina onpeaeneHnsa reHeTnYeckrx 0CobeHHOCTe MaTePUHCKMX TIMHMI 3abalikanbckom
nopogbl Ha 0OCHoBe NonMMopPd13MoB MUTOXOHAPMANbHOM JHK Mbl cobpanu 06pasubl Bonoc oT 31 fowaan, npuHaanexa-
Wer nnemMeHHbIM xo3a1cTBam 3abalkanbckoro Kpas. AHanus nocnegosatenbHoctn D-netnu mTAHK pa3mepom 530 n.H.
NPOBOAWN C UCMOJIb30BaHVEM MOLENN MaKCMManbHoro npasgonogobus (MCL) B coyetannm ¢ 6yTcTpan-aHanusom. MNpu
n3yyeHun nonumopdusma runepsapuabenbHoro pervioHa D-netnu mTOHK y 3abalikanbckux nowwagei 6o BoianeH 31 ra-
nnoTun, npeacTaBnawWwmn Bocemb rannorpynn: B, C, G, H, L, M, Q n R, cornacHo coBpemeHHol kKnaccudukaumm. CekseHu-
poBaHHbIN dparmeHT D-netnu (HykneotraHaa nosmuma 15471-16000) cogepan 17 nonMmMopdHbIX CaiToB, B OCHOBHOM
npencTaBneHHbIX TpaH3numnamm A—G, G—A n T—C. B ctpykTtype mTHK nopogpl npeo6naganu rannorpynnbi Q (25.81 %),
B (19.35 %), G (16.3 %) 1 H (12.90 %). lfeHeTUYeCKMIN aHaNN3 MUTOXOHAPWANIbHOTO reHOMa 3abaiikaibCKOW NoLWaamn BblABMI
BbICOKMI YPOBEHb Pa3HOOOpa3us ranioTUMOB 1 rarniorpynmn, KoTopble TUNUYHBI AN1A NonynAummn nowagen Espasun.
KnioueBble cnioBa: reHeTnyeckoe pasHoobpasue; rannorpynnbl MTOHK; nowapap; dunoreHetTnyecknin aHanus; 3abarikanb-
CKaa nopoga.

Introduction representatives of cultural breeds brought by Russian settlers
Zabaikalskaya horse is one of the native horse breeds from  in the 17th and 18th centuries (Karaush, 1952; Khakimov et
Siberiaand itis distributed in the territories located to the south  al., 2002). As a result, the local population of horses in the
and southeast of Lake Baikal. The breed was formed through  Trans-Baikal Territory was significantly improved, resulting in
process of long interbreeding of Mongolian horses and later  arelatively large array of horses, versatile in their use and well
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adapted to year-round herd maintenance. The Zabaikalskaya
horse is characterized by low growth rate but with a massive
and bony appearance. In 1993, these horses were given the
status of the Zabaikalskaya breed, and it was included in
the State Register of Breeding Achievements of the Russian
Federation (Khamiruev et al., 2014).

Today, modern genetics technology has allowed researchers
to unravel some of the mysteries surrounding the development
of Russian native breeds. The study of features of nuclear
and mitochondrial DNA of horses of different breeds and
areas, including the found remains of ancient horses, allowed
clarifying of many important questions of Equids evolution.
In particular, high variability of mitochondrial DNA was
revealed, indicating the presence of multiple wild ancestors
in domestic horses and the existence of different regions of
domestication (Bowling, Ruvinski, 2000; Jansen et al., 2002).
Due to the study of the mitochondrial genome, it was finally
established that the species Equus caballus is not a direct
descendant of the wild horse E. ferus przewalski.

The study of the mitochondrial genome of the horse be-
gan with the work of X. Xu and U. Arnason (1994), which
led to the sequencing of equine mtDNA and demonstrated
that its configuration varies due to the different number of
GTGCACCT repeats in the control region. Further studies
have shown that mtDNA polymorphism can be studied using
various technologies, among which the method of direct se-
quencing of the hyper variable region of the D-loop is most
often practiced. This approach allows to study matrilineal
diversity within horse breeds and their phylogenetic relation-
ships (Bowling et al., 2000; Hill et al., 2002; Lopes et al.,
2006; McGahern et al., 2006; Glazewska et al., 2007; Moridi
etal., 2012; Vilstrup et al., 2013).

Comparative analysis of mitochondrial DNA in different
populations and breeds of horses in Europe and Asia and
phylogenetic reconstruction made on its basis showed the
presence of complex variability of mitochondrial haplogroups;
this was not observed in other domesticated species (McGa-
hern et al., 2006). Comparison of European and Asian horse
breeds revealed differentiated distribution of mtDNA hap-
logroup variants and evidence of a biogeographic wedge in
Asian populations, including association of “Eastern” mtDNA
types with haplogroup F. A number of previously unknown
additional mtDNA sequences were obtained from horses
of Akhal-Teke, Watskaya, Mezenskaya, Orlov Trotter and
Yakutskaya breeds from Russia, among which the greatest
similarity with the European populations was observed in the
Mezenskaya horse (McGahern et al., 2006).

A new stage of studying the mitochondrial genome of
the horse began in 2012, when a team of researchers led by
A. Achilli conducted a complete sequencing of 83 mitochon-
drial genomes of modern horses in Europe, Asia, the Middle
East and America. The phylogenetic analysis with high
molecular resolution revealed 18 main haplogroups (A-R)
with their diagnostic mutational motifs that arose during the
Neolithic period. The researchers concluded that the proposed
classification of the encoded and control regions of the mito-
chondrial genome could be used in the study of the remains
of ancient horses, phylogenetic relations of modern breeds,
intra-breed diversity and evaluation of the possible connection
of mtDNA with racing performance.
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Subsequent studies of mitochondrial DNA polymorphism
in horses of different populations showed that the number of
haplogroups in breeds can vary from 4 to 14 (Bigi et al., 2014;
Sorokin, 2015; Cardinali et al., 2016; Khrabrova et al., 2020).
The study of mitochondrial sequence variation in 251 Ara-
bian horses from different countries showed that they belong
to 13 mtDNA haplogroups based on Achilli (Khanshour,
Cothran, 2013). The greatest number of mtDNA haplotypes
and haplogroups was revealed in Arab horses of the Syrian
population, that is, in the region of creation of this breed.
Arabian horses had a much wider range of mitochondrial
haplotypes compared to Thoroughbred, with a high frequency
of haplogroup L in all populations.

When studying the mitochondrial genome of horses, re-
searchers found a clear association of dam lines with certain
mtDNA haplogroups and haplotypes (Hill et al., 2002; Lopes
et al., 2006; Sorokin, 2015; Khrabrova et al., 2019). This al-
lows, if necessary, to control the female line of horses using
the method of mtDNA sequencing (Bowling et al., 2000;
Khrabrova et al., 2020).

The task of our research was to study the variability of
the D-loop sequence of mtDNA and maternal lineage in the
native Zabaikalskaya horse breed, bred in the steppes of
Transbaikalia.

Material and methods

To analyze the 530 bp hypervariable region of mtDNA D-loop
we sequenced 31 Zabaikalskaya horses from Chita State Stable
(n=13) and Kalinin stud (n = 18) located in the Trans-Baikal
Region. DNA was isolated from hair follicles using a set of
ExtraGene DNA Prep 200, produced by laboratory “lIsogen”
(Moscow), according to the manufacturer’s instructions. The
original primers for amplification of the studied mtDNA
D-loop site were selected by S. Sorokin (2015) taking into
account the reference sequence of the fossil Swedish horse
X79547 (Xu, Arnason, 1994).

For PCR amplification we used the composition of the
reaction mixture included 0.2 mM dNTP, 0.5 uM of each
primer, 2.5 mM MgClI,, 1x PCR buffer, 1 unit Taq polymerase
(PE Applied Biosystems, USA) and 1 unit AmpliTag Gold
polymerase (PE Applied Biosystems), 50 ng DNA. The pro-
cedure involved heating the reaction mixture at 95 °C (5 min),
followed by 30 cycle’s denaturation at 94 °C (30 s), annealing
at 55 °C (30 s) and elongation at 72 °C (45 s). Final elongation
was carried out at 72 °C for 2 min. The sequencing of the PCR
fragment from agarose gel was performed using the Bigdye
Terminator Cycle Sequencing Kit (PE Applied Biosystems)
on the ABI 3130xI genetic analyzer (PE Applied Biosystems)
using manufacturer’s protocol.

All mtDNA sequences were prepared with BioEdit 7.2.1.
Additional GenBank data set of 18 known haplogroups (A-R)
under the number JN398377-IJN398457 was used to iden-
tify the obtained nucleotide sequences. The phylogenetic
analysis of the mtDNA D-loop, including a 530 bp fragment
(position 15471-16000) was performed using the Neighbor-
Joining (NJ) method and program MEGA 7 (www.megas-
oftware.net). The statistical confidence of each node was
estimated by 1000 random bootstrap runs. When constructing
a phylogenetic tree, bootstrap values of more than 50 % were
taken into account. For comparison of mtDNA haplogroups
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distribution in Zabaikalskaya horse, data from 156 Kabardi-
nian, 64 Mongolian (Khaudov et al., 2018), 74 Thoroughbred
(Khrabrova et al., 2019) and 22 \Watskaya horses (Khrabrova
et al., 2020) were used.

Results

Sequence analysis of the 530 bp region of the mitochon-
drial D-loop of Zabaikalskaya horses showed the presence of
31 haplotypes corresponding to 8 haplogroups: B, C, G, H, L,
M, Q and R according to Achilli’s classification (2012). The
sequenced fragment of the D-loop from 15471 to 16000 nu-

Variability of mitochondrial DNA D-loop sequences
in Zabaikalskaya horse breed

cleotide position contained 17 polymorphic sites, mainly
represented by the A-G, G-A and T-C transitions (Table 1).
The average number of substitutions per site was 0.03+
0.022, indicating a relatively high level of nucleotide diversity.
Sequences with haplogroups B, G, M and Q were found
in both subpopulations of Zabaikalskaya horses. In addition,
mtDNA haplogroups C, L and R were found in horses of the
Chita State Stable, while haplogroup H was found only in the
Kalinin stud. The genetic structure of Zabaikalskaya horse
was dominated by haplogroups Q (25.81 %), B (19.35 %),
G (16.3 %) and H (12.90 %), which is clearly demonstrated

Table 1. Variability of nucleotides in a 530 bp fragment of the mtDNA D-loop
of Zabaikalskaya horse haplotypes compared with reference sequence X79547

15494 15585 15597 15602 15603 15604 15615 15616 15617

15649 15650 15720 15956 17703 17720 17771 17777

X79547 T
126ZAB ...... C ........... A ........................ T ..........................................................
127ZAB ...... C ........... A ........................ -|- ..........................................................
1282AB ...... C ........... A ........................ -|- ..........................................................
1292AB ...... C ........... A ........................ T ..........................................................
13OZAB ...... C ..................................... -|- ..........................................................
1312/_\3 ...... C .................................................................................................
1322AB ...... C .................................................................................................
1332AB ...... C .................................................................................................
134ZAB ...... C .................................................................................................
135ZAB ...... C ..................................... T ..........................................................
136ZAB ...... C ..................................... -|- ..........................................................
137ZAB ...... C ........................ G ........... -|- ..........................................................
1382AB ...... C ..................................... -|- ..........................................................
1392AB ...... C ..................................... -|- ..........................................................
14OZAB ...... C ..................................... T ..........................................................
141ZAB ...... C .................................................................................................
1422AB ...... C ..................................... -|- ..........................................................
143ZAB ...... C ..................................... T ..........................................................
ChardaSh C ..................................... T ..........................................................
Praga .......... C ..................................... -|- ..........................................................
Zabayka ..... C ........... A ........................ T ..........................................................
Arba|et ....... C ..................................... -|- ..........................................................
ChegraSh C ..................................... -|- ..........................................................
1492AB ...... C ........... A ........................ T ..........................................................
15OZAB ...... C ..................................... -|- ..........................................................
151ZAB ...... C .................................................................................................
1522AB ...... C ........................ G ........... T ..........................................................
1532AB ...... C ..................................... -|- ..........................................................
154ZAB ...... C ..................................... T ..........................................................
1552AB ...... C ..................................... -|- ..........................................................
1562AB ...... C ........................ G ........... -|- ..........................................................
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Fig. 1. Phylogenetic tree of mtDNA D-loop sequences from haplotypes
of Zabaikalskaya horses constructed by use of the Neighbor-Joining
method in combination with bootstrap analysis (bootstrap value > 50 are
shown at nodes).

For identification of haplogroups were used GenBank data (JN398377-
JN398457) and their classification according to (Achilli et al., 2012).

by the dendrograms in Fig. 1 and 2. Haplotype Q, which
combines horses from different farms, is the most common
in Asia and the Middle East (Achilli et al., 2012; Khanshour,
Cothran, 2013).

The statistical analysis of phylogenetic relationships cal-
culated by the MCL distances shows a fairly high level of
bootstrap value (94-100) matching of haplotypes within
haplogroups (see Fig. 1). The genetic divergence of the mi-
tochondrial genome of Zabaikalskaya horses from different
subpopulations is shown in Figure 2.
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X79547

Fig. 2. Scheme of evolutionary relationships between Zabaikalskaya
horses from different subpopulations (Chita State Stable - blue, Kalinin
stud - red) derived from phylogenetic analysis using Neighbor-Joining
method and MEGA7 program.

Most haplotypes of Zabaikalskaya horse (74.19 %) are
found in the haplogroups B, G, H and Q; haplogroup L was
rarely found, which is typical of many cultural and local
breeds (Table 2).

Comparative analysis of mtDNA in horses of different
breeds bred in Russia shows that, as a rule, they have a mul-
tilinear origin on the maternal line. At the same time, hap-
logroups B and L were represented quite significantly in all
breeds (5.41-36.36 and 3.23-50.0 %, respectively). The ge-
netic analysis of mtDNA of Zabaikalskaya horse breed indi-
cates a high level of diversity of haplotypes and a clear diffe-
rentiation of | maternal line in the subpopulation of this breed.

Discussion

The high level of diversity of the genetic structure of mito-
chondrial DNA and maternal inheritance make it a unique
object for the study of evolutionary processes, phylogenetic
analysis and evaluation of population diversity (Lukashov,
2009). We found a high mitochondrial polymorphism repre-
sented by 31 D-loop haplotypes from 8 haplogroups: B, C, G,
H, L, M, Q and R based upon Achilli etal. (2012). In addition,
haplogroups A (12.5 %) and D (8.3 %) were identified in the
sequences of 24 Zabaikalskaya horse presented in GenBank
(Khaudov et al., 2018).

The genetic structure of Zabaikalskaya horse breed shown
by mtDNA D-loop haplogroups is generally typical for horse
populations in Asia, in which haplogroups B, C, G, and Q were
most common (Achilli et al., 2012; Khanshour, Cothran, 2013;
Khaudov et al., 2018). It is obvious that the Mongolian horse
had a great influence on the formation of Zabaikalskaya horse.
The haplogroup variants obtained from the Zabaikalskaya
horse were more similar to other local breeds from Siberia
(Moronkova, Stolpovskiy, 2018), which indicates their com-
mon matrilineal genealogy.
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Variability of mitochondrial DNA D-loop sequences
in Zabaikalskaya horse breed

Table 2. Distribution of the haplogpoups mtDNA (in %) in different horse breeds

Kabardian®
(n=156)

Haplogroup
mtDNA

Zabaikalskaya
(n=31)

Vyatskaya
(n=22)

Mongolian®
(n=264)

Thoroughbred
(n=74)

* Date from A.D. Khaudov et al. (2018).

A comparative analysis of polymorphism of microsatellite
loci in local horse breeds in Russia showed that Zabaikalskaya
horse is characterized by a relatively high level of genetic
diversity and has a high level of similarity with Buryat horse
(Khrabrova, 2015). Mitochondrial analysis confirms the close
relationship of these neighboring breeds, which share 6 com-
mon haplogroups: B, G, L, M, Q and R.

Comparison of European and Asian horse breeds revealed
differentiated distribution of mtDNA haplogroup variants
and evidence of a biogeographic wedge in Asian popula-
tions, including association of “Eastern” mtDNA types with
haplogroups Q and R. Interestingly, these haplogroups were
identified in horses of the Kabardian and Vyatskaya horse
breeds bred in the European part of the Russian Federation
(Khaudov et al., 2018; Khrabrova et al., 2020), but were ab-
sent in the Thoroughbred and Cleveland Bay horses created
in England (Khrabrova et al., 2019; Dell et al., 2020).

The study of the sequence of the hypervariable fragment of
the mtDNA D-loop makes it possible to assess the interbreed
diversity of horses along maternal lines. The data of many
researchers confirm the evidence for biogeographic patterning
of mtDNA sequences in Eastern horse populations (McGahern
etal., 2006; Khanshour, Cothran, 2013; Khaudov et al., 2018).

Conclusion

The mtDNA analysis of Zabaikalskaya horse identified 31 dif-
ferent haplotypes clustered in 8 haplogroups (B, C, G, H, L,
M, Q and R), which indicates the genetic diversity of the
maternal ancestry lines in this breed. Zabaikalskaya horses
show high frequencies in haplogroups Q, B, G and H; these
haplogroups are also the most common in native horse breeds
of Siberia and Mongolian horses. The high variability level
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of the mitochondrial genome in horses of local breeds may
determine good adaptive qualities. The obtained data allow
us to supply important information about the genetic features
of the existing maternal structure of the Zabaikalskaya horse
breed.
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Analysis of the structure and function of the tomato
Solanum lycopersicum L. MADS-box gene SIMADS5
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Abstract. At all stages of flowering, a decisive role is played by the family of MADS-domain transcription factors,
the combinatorial action of which is described by the ABCDE-model of flower development. The current volume of
data suggests a high conservatism of ABCDE genes in angiosperms. The E-proteins SEPALLATA are the central hub of
the MADS-complexes, which determine the identity of the floral organs. The only representative of the SEPALLATA3
clade in tomato Solanum lycopersicum L., SIMADSS5, is involved in determining the identity of petals, stamens, and
carpels; however, data on the functions of the gene are limited. The study was focused on the SIMADS5 functional
characterization. Structural and phylogenetic analyses of SIMADS5 confirmed its belonging to the SEP3 clade. An
in silico expression analysis revealed the absence of gene transcripts in roots, leaves, and shoot apical meristem,
and their presence in flowers, fruits, and seeds at different stages of development. Two-hybrid analysis showed
the ability of SIMADSS5 to activate transcription of the target gene and interact with TAGL1. Transgenic plants Nico-
tiana tabacum L. with constitutive overexpression of SIMADS5 cDNA flowered 2.2 times later than the control; plants
formed thickened leaves, 2.5-3.0 times thicker stems, 1.5-2.7 times shortened internodes, and 1.9 times fewer
flowers and capsules than non-transgenic plants. The flower structure did not differ from the control; however, the
corolla petals changed color from light pink to magenta. Analysis of the expression of SIMADS5 and the tobacco
genes NtLFY, NtAP1, NtWUS, NtAG, NtPLE, NtSEP1, NtSEP2, and NtSEP3 in leaves and apexes of transgenic and control
plants showed that SIMADS5 mRNA is present only in tissues of transgenic lines. The other genes analyzed were
highly expressed in the reproductive meristem of control plants. Gene transcripts were absent or were impercep-
tibly present in the leaves and vegetative apex of the control, as well as in the leaves and apexes of transgenic lines.
The results obtained indicate the possible involvement of SIMADS5 in the regulation of flower meristem develop-
ment and the pathway of anthocyanin biosynthesis in petals.

Key words: Solanum lycopersicum; Nicotiana tabacum; heterologous gene expression; MADS-domain transcription
factors; SEPALLATA; SIMADSS.
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CTpVYKTYPHO-(PVHKIMOHAJIbHbIN aHann3 MADS-box
reda SIMADS5 Tomata Solanum lycopersicum L.

A.B. Hesxpanosa, M.A. Cayruna, E.A. Apsiuenko, A.M. Kamuonckas, E.3. Kounesa, A.B. ll[ennukona @

WHCTUTYT 6ronHxeHepum, DelepanbHbii UccrefoBaTenbekiil LieHTp «OyHaaMeHTambHble OCHOBbI 6UOTEXHONOMMM» POCCUIACKOI akaaeMum Hayk,
MockBa, Poccua
® shchennikova@yandex.ru

AHHoTaumA. Ha Bcex 3Tanax UBeTeHMA pelualoLlyio posb urpaet cemencteo MADS-AOMEHHbIX TPaHCKPUMLIMOH-
HbIX paKTOPOB, KOMOVMHATOPHOE AeNCcTBME KOTOPbIX onucbiBaeTcs ABCDE-mofenbio pa3sutus Lsetka. CoBpemeH-
Hblh 06beM AaHHbIX NO3BOJIAET FOBOPUTb O BbICOKOM KoHcepBaTn3me ABCDE-reHOB y NOKpbITOCeMeHHbIX. E-6enkn
SEPALLATA aBnsatoTca LeHTpanbHbiM 38eHOM MADS-KomnnieKkcoB, onpeaensaowmnx NgeHTUYHOCTb LIBETKOBbIX Opra-
HOB. EAVHCTBEHHbIM npeacTaBuTenb Knagbl SEPALLATA3 Tomata Solanum lycopersicum L., SIMADS5, yyacTByeT B
onpefeneHnn MAEHTUYHOCTY NENeCcTKOB, ThIYMHOK Y MIIOAOCTUCTUKOB, OfHAKO faHHble O GYHKLUMAX reHa orpaHu-
YeHbl. Llenbto paboTbl cTana dyHKUMOHanbHasA xapaktepuctnka SIMADSS5. CTpyKTypHO-GUnoreHeTYecknin aHanms
SIMADS5 noatBepaun ero npuvHagnexHocTb K SEP3-knage. SKcnpeccnoHHbIn aHanms in silico BbIABUN OTCYTCTBUE
TPaHCKPUMNTOB reHa B KOPHAX, JIMCTbAX U anuKanbHON MepucTeme nobera v X NpucyTCTBUE B LiBETKAX, NOAaX U ce-
MeHax Ha pa3HbIX CTagnAx pa3BuTuA. JByrubpuaHbIn aHanm3 nokasan cnocobHocTb 6enka SIMADS5 akTrBrpoBaTh
TPAHCKPUMLMIO FeHa-MULLIEeHN 1 B3arMoaencTBoBaTb ¢ 6enkom TAGL1. TpaHcreHHble pacteHus Nicotiana tabacum L.
C KOHCTUTYTUBHON cBepxakcnpeccreint KAHK SIMADS5 usenu B 2.2 pa3sa nosxe 1 G¢opM1MpoBanu yTosLeHHble Nin-
CTbsA, UMenn B 2.5-3.0 pa3a 6osnee TONCTbIN cTebenb, B 1.5-2.7 pa3a yKopoueHHble Mexkaoy3nua 1 B 1.9 pa3a MeHblue
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CTpyKTYpHO-OYHKUMOHaNbHbIN aHann3 MADS-box
reHa SIMADS5 Tomata Solanum lycopersicum L.

LIBETKOB M KOPOOOUeK, YeM HeTpaHCreHHble pacTeHunA. CTpoeHye LIBETKOB OT KOHTPOJIA HE OT/INYanocCh, OAHAKO Jie-
NecTKM BEHYMKA CMEHWN OKPaCKy CO CBETNIO-PO30BOI Ha MafKeHTy. AHanu3 akcnpeccun SIMADS5 v reHoB Tabaka
NtLFY, NtAP1, NtWUS, NtAG, NtPLE, NtSEP1, NtSEP2 v NtSEP3 B TKaHAX TMCTbEB 1 arneKCoB TPAHCIEHHbIX Y KOHTPOJb-
HbIX pacTeHMI nokasan, yto MPHK SIMADS5 npucyTcTBYeT TONbKO B TKaHAX TPaHCreHHbIX NMMHWIA. OcTanbHble aHa-
NN3MpPYyeMble reHbl BbICOKO 3KCMPeCcMpoBaUCh B PeNPOAYKTVBHON MepucTeMe KOHTPOJbHbIX pacTeHWi. TpaHc-
KPUNTbI AaHHbIX FEHOB OTCYTCTBOBANU WV NPUCYTCTBOBANN B CNIefOBbIX KONMYECTBaX B IMCTbAX U BereTaTMBHOM
aneKkce KOHTPONA, a TaKXKe B JINCTbAX M aneKcax TPaHCreHHbIX IMHUIA. MonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O
BO3MOXHOM yyacTum reHa SIMADS5 B perynauuv pa3sutus MeprcTeMbl LiBETKA 1 NMYTU GUOCUHTE3a aHTOLMAHOB B

nenecTKax.

KntoueBble cnoa: Solanum lycopersicum; Nicotiana tabacum; reteponornyHas skcnpeccus reHa; MADS-TpaHcKpun-

LMoHHble dpakTopbl; SEPALLATA; SIMADSS.

Introduction

Throughout the plant’s life cycle, its root and shoot apical
meristems maintain a pool of pluripotent stem cells, which
give rise to new organs: roots and leaves respectively, dur-
ing vegetative development and flowers during reproduction
stage. At the reproductive stage, the shoot apical meristem
of the angiosperms turns into the inflorescence meristem,
which forms determined flower meristems (Hugouvieux et al.,
2018). In all aspects of flowering, the MADS-domain family
of transcription factors (TFs) plays a key role according to the
well-known ABCDE flower development model (Smaczniak
etal., 2012).

The ABCDE model is based on genetic and molecular
studies, primarily of model species Arabidopsis thaliana (L.)
Heynh., Antirrhinum majus L., and Petuniaxhybrida hort.
ex E. Vilm. (Coen, Meyerowitz, 1991; Angenent et al., 1995;
Pelaz et al., 2000; Theissen, 2001; Ditta et al., 2004). Accord-
ing to the model, the identity of flower organs is determined
by five classes of genetic activities: A and E — sepals; A, B
and E —petals; B, C and E — stamens; C and E — carpels; C, E
and D — ovules. At the molecular level, the ABCDE-model is
explained by the so-called “quartet” model, according to which
MADS-TFs of ABCDE classes in various combinations form
tetramers: for example, C/C/E/E —to determine carpel identity,
or A/B1/B2/E — to specify petal identity (Honma, Goto, 2001;
Theissen, Saedler, 2001). These tetramers activate or suppress
transcription of target genes (Melzer et al., 2009; Smaczniak
et al., 2012). The current data suggest a high structural and
functional conservatism of A, B, C, D, and E genes in flower-
ing plants (Smaczniak et al., 2012).

The genes of the E-class, A. thaliana SEPALLATA (SEP1,
SEP2, SEP3, and SEP4), which are involved in determining
the identity of all floral organs, deserve special attention (Pelaz
et al., 2000; Smaczniak et al., 2012). The knockout of only
one of the SEP genes does not have a significant effect on the
A. thaliana flower, while the sepl sep2 sep3 triple mutation
transforms all the flower organs into sepals; a new flower
with the same development pattern is formed instead of the
pistil (Pelaz et al., 2000). The quadruple sepl sep2 sep3 sep4
mutation leads to the replacement of all flower organs with
leaf-like organs (Ditta et al., 2004).

SEP proteins are the central hub in the formation of MADS-
TF quartets (Immink et al., 2009). Among SEPs, SEP3 is
the most functionally pleiotropic and interacts with almost
all MADS-TFs responsible for the identity of flower organs
(Alhindi et al., 2017). SEP3 gene simultaneous ectopic ex-

pression with the A-, B-, or C-class genes transforms leaves
into flower organs (Honma, Goto, 2001; Pelaz et al., 2001b).

During plant evolution, SEP genes are believed to have
arisen later than other flower-related MADS-box genes, but
at the same time they became key players in the origin of
flowering plants, as well as in the domestication and breeding
of crops (Theissen, 2001; Schilling et al., 2018). Therefore,
their study in cultivated plants can expand the understand-
ing of the role of these genes in determining economically
valuable traits.

The tomato Solanum lycopersicum L. is one of the most
important vegetables and, at the same time, a model for
studying the fleshy fruit development and ripening. The
tomato genome has been sequenced and annotated (https://
www.solgenomics.net/), and contains several SEP genes:
TAGL2 (Solyc05g015750.2.1), SIMADS6/TM29/LeSEP1
(Solyc02g089200.2.1), RIPENING INHIBITOR (MADS-
RIN) (Solyc05g012020.2.1), SIMADS98/SICMB1 (Solyc04
£005320.2.1), SIMADS1/ENHANCER-OF-JOINTLESS-2
(Solyc03g114840.2.1), SIMBP21/JOINTLESS-2 (J2)
(Solyc12g038510.1.1) and SIMADS5/TM5/TDR5/LeSEP3
(Solyc05g015750.3.1) (Wang Y. et al., 2019).

In addition to determining the flower organ identity, SEP
proteins, together with MADS-TFs of the FRUITFULL (FUL)
and AGAMOUS (AG) subfamilies, are actively involved
in the regulation of fruit ripening. This is clearly demon-
strated in tomato, the fruit ripening of which is controlled by
FUL1/FUL2, TOMATO AGAMOUS 1 (TAG1)/TOMATO
AGAMOUS-LIKE 1 (TAGL1) and MADS-RIN (Karlova et
al., 2014; Shima et al., 2014; Wang R. et al., 2019). At the
same time, FUL2 and TAGLI1 have been shown to play an
additional role in pistil initiation and early fruit development
(Vrebalov etal., 2009; Wang R. et al., 2019), which is likely to
be performed in combination with the tomato SEP3 homolog,
SIMADSS (Leseberg et al., 2008).

SEP1-like gene TAGL2 was shown to be expressed at
stages I (anthesis) and II of the tomato fruit development
(Busi et al., 2003). Suppression of SEP1-like TM29 causes
the development of parthenocarpic fruits and the flower rever-
sion (Ampomah-Dwamena et al., 2002). Tomato SEP4-like
SICMBL1 regulates ethylene biosynthesis and the accumulation
of carotenoids during fruit ripening; suppression of SICMB1
leads to a change in the inflorescence architecture and an
increase in the sepal size (Zhang et al., 2018a, b). SEP4-like
SIMADSI acts as a negative regulator of fruit ripening (Dong
etal.,2013). SEP4-like SIMBP21 specifies the sepal size me-
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diated by ethylene and auxin signaling, as well as the abscis-
sion zone formation (Li et al., 2017; Roldan et al., 2017).
SEP4-like MADS-RIN is the main regulator of fruit ripening:
gene knockout leads to the formation of an unripe fruit, in-
cluding the absence of carotenoid accumulation (Vrebalov et
al., 2002; Leseberg et al., 2008).

The only representative of the tomato clade SEP3, TF
SIMADSS, is involved in determining the identity of the
organs of the three inner flower whorls (Pnueli et al., 1994),
interacting with MADS-TFs of the SEP and AG subfamilies
(Leseberg et al., 2008). Despite the SEP3 significance, this
gene variability has been characterized in cultivated and wild
tomato species, and the SIMADS5S expression was observed
in some organs and tissues (Pnueli et al., 1994; Slugina et
al., 2020).

The aim of the present study was to characterize the function
of S. lycopersicum SIMADS5. SIMADSS structural, phyloge-
netic and expression analysis confirmed its belonging to the
SEP3-clade. Analysis in the yeast two-hybrid GAL4-sys-
tem showed the SIMADSS TF activator properties and its
interaction with C-class MADS-TF. Transgenic Nicotiana
tabacum L. plants with SIMADSS5 constitutive overexpression
exhibited a pronounced phenotype of reproductive develop-
ment suppression.

Materials and methods

Tomato S. lycopersicum cv. Silvestre recordo and tobacco
N. tabacum cv. Samsun plants were used in the study. Tomato
accessions were grown under controlled greenhouse condi-
tions (day/night: +21/23 °C, 16 h/8 h; 300-400 pmol/m~2/s~')
until flowering. Roots, leaves, flowers and ripe fruits were
collected separately. Tissues were grounded in liquid nitrogen
and stored at —70 °C. Tobacco accessions were grown in vitro
on a sterile MS medium in a climatic chamber (day/night:
+21/23 °C, 16 h/8 h; 300 pmol/m-2/s~!) until the formation
of 4-6 leaves.

Total RNA was isolated from tomato (roots, leaves, flowers,
and ripe fruits) and tobacco (leaves, vegetative apex, and
reproductive apex) tissues using the RNeasy Plant Mini Kit
(QIAGEN, USA), and used for cDNA synthesis (the Reverse
Transcription System, Promega, USA). Genomic DNA was
isolated from leaf tissues by the standard potassium acetate
method (Dyachenko et al., 2018) and used for PCR tests for
the presence of a transgene in the plant genome.

Primers for gene amplification, sequencing, and expres-
sion analysis were generated based on the MADS-box tran-
scripts of S. lycopersicum cv. Heinz and tobacco N. tabacum
genes available in the NCBI (http://www.ncbi.nlm.nih.gov/)
(NtAPETALA1 (NtAP1; JQ686939.1, AF068724.2,
XM 016635359.1, AF009127.1, U63162.1); NtLEAFY
(NtLFY; JQ686928.1, XM 016593842.1); NtWUSCHEL
(NtWUS; XM_016637596.1, MG843891.1, XM 016619508.1,
JQ686923.1); NtAG (NM_001325900, XM 016638054.1,
XM 016580096.1, XM 016580095.1, XM _016580097.1);
NtPLENA (NtPLE; XM 016631079.1, XM 016631071.1,
XM 016615571.1, XM _016615578.1, U63163.1): NtSEP1
(XM_016653813.1, XM_016645589.1, XM 016620650.1,
XM 016596552.1, XM_016611481.1, XM _016645132.1,
NM 001324748.1, XM_016620651.1, XM _016647424.1,
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Table 1. The list of primers used in the study

Gene Primer Primer sequense (5'—3’)
name
CDS amplification
SIMADS5 SIMADS5 TAATCAGAATTCATGGGAAGGGGTAGGGTTGA
F/R TTGCATGTCGACTCAAGGCAACCAGCCAGCCA
TAGL1 TAGL1 TAATCAGAATTCATGGTTTTTCCTA
F/R TTGCATTGTCGACTCAGACAAGCTGGAGAGGAG
FUL2 FUL2 TAATCAGAATTCATGGGTAGAGGAAGAGTACA
F/R TTGGATGTCGACTTAACCGTTGAGATGGCGAA
gRT-PCR
NtAP1 NtAP1 AGGACCTGCAAAACTTGGAA
F/R TGATTTTGCTGATGCCATTC
NtLFY NtLFY TAATGCCCTTGACGCTCTCT
F/R TCGACACCACCTTCTTCCTC
NtWUS ~ NtWUS  CTTCTCATGGTGTACTGGCC
F/R CAGTTCCTCATAATCGTCTACTAG
NtSEPT  NtSEP1  AATAATGGCGGAACAGATGG
F/R TGGATCAGGTTCACATTCCA
NtSEP3  NtSEP3  TCACTTGAGAGGCAGCTTGA
F/R CATCGCCCTGAGTTTGAGTT
NtSEP2 ~ NtSEP2-2 GCAACATGCTCAATCTCAGG
F/R TTGGGCATTTGTTACTGCTG
NtAG NtAG ATGAGCTGCTGTTTGCTGAA
F/R TGAACTCCCTGGCATCAAGT
NtPLE NtPLE GCCATTGGTAGAGTCCGTTC
F/R AGCTGGAGAGCAGTTTGGTC
SIMADS5 SIMADS5 GCCAAATGCACAAGATGTGGG
F/R CCAGCCATGTAGTTATTCACAC
actin-7  Actin-7  CTACGAGCAGGAGCTTGACA
F/R TAATCTTCATGCTGCTGGGA

*SIMADSS5-F primer was used as a direct primer for PCR analysis of plants for
the presence of a transgene in the genome.

XM 016644825.1); NtSEP3 (NM 001325160.1,
XM 016582910.1); NtSEP2 (XM 016645132.1,
NM 001324748.1, XM _016645589.1)) so that forward
and reverse primers are separated by at least one intron and
match all possible transcripts for each of the analyzed genes
(Table 1). The primer sequences were additionally verified
using Primer 3 and BLAST (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/). Primers for CDS in-frame cloning into
plasmid vectors (GAL4 system) contained ECORI (forward, F)
and Sall (reverse, R) restriction sites at the 5’ end.
Full-length SIMADS5, TAG1, and FUL2 ¢cDNAs were
amplified using the cDNA, isolated from S. lycopersicum cv.
Silvestre recordo flowers; PCR conditions: initial denaturation
at 95 °C for 5 min; 30 cycles of denaturation (94 °C for 30 s),
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annealing (55 °C — 30 s) and synthesis (72 °C — 1 min); final
synthesis (72 °C—7 min). The PCR fragments of the expected
length were purified using the MinElute Gel Extraction Kit
(QIAGEN, USA), cloned into the pGEM®-T Easy plasmid
vector (Promega, Madison, WI, USA) at ECORI and Sa/| sites
and sequenced (Core Facility “Bioengineering”). Further, the
SIMADSS, FUL2, and TAGL1 CDSs were cloned into hybrid
vectors pAD-GAL4 and pBD-GAL4cam (Aglient Technolo-
gies, USA): each gene was ligated in frame with the activator
domain (pAD) and DNA-binding domain (pBD) of the yeast
TF GAL4. Recombinant pJ69-4a strains carrying each pAD-
gene and pBD-gene construct separately, as well as in pairs
pAD-gene + pBD-gene, were obtained. For plant transforma-
tion, SIMADS5 cDNA was cloned in a sense orientation into
a binary vector based on pBinl9, under the control of the
enhanced cauliflower mosaic virus promoter 35S and nopaline
synthase (NOS) terminator. With this construct, a recombinant
agrobacterial strain AGLO was obtained.

For sequence structural analysis, the NCBI-CDD (http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), MEGA 7.0
(Kumar et al., 2016) and Phyre2 (http://www.sbg.bio.ic.ac.
uk/phyre2/) were used. Sequence phylogeny was assessed in
the MEGA?7, using Maximum Likelihood method based on
the JTT model.

Gene expression analysis was performed in silico (using
TomExpress database; http://tomexpress.toulouse.inra.fr/
select-data), as well as by quantitative (q) real-time (RT) PCR
in two biological and three technical replicates. The kit “Re-
action mixture for carrying out qRT-PCR in the presence of
SYBR Green I and ROX” (JSC Syntol, RF) and the CFX96
Real-Time PCR Detection System (Bio-Rad Laboratories,
USA) were applied. The qRT-PCR conditions were as fol-
lows: 95 °C — 5 min; 40 cycles (95 °C — 15 s, 60 °C — 50 s).
The reference gene actin-7 (XM_016658880.1) (Schmidt,
Delaney, 2010) was used for normalizing the expression
of tobacco genes. Statistical processing of the results was
carried out using the GraphPad Prism v. 7.02 (https:/www.
graphpad.com).

The analysis of SIMADSS interactions with TAGL1 and
FUL2 proteins was carried out in vivo in a two-hybrid GAL4-
yeast system using the Saccharomyces cerevisiae Pj69-4a
strain, according to the HybriZAP-2.1-Hybrid cDNA Two-
Hybrid Synthesis Kit protocol (Stratagene).

Leaf explants of tobacco (N. tabacum cv. Samsun) were
transformed using Agrobacterium tumefaciens strain AGL@.
To select transgenic regenerants, an MS medium containing
kanamycin (Km, 100 mg/L) for selection and carbenicillin
(500 mg/L), which suppresses agrobacteria growth, was used.
The rooted regenerants were adapted to the soil in greenhouse
conditions and then tested for the presence of a transgene in the
genome by PCR with primers specific to the sequences of the
5" end of the transgene and the NOS-terminator (see Table 1).

Results

To confirm the conservatism of the SIMADSS function in
tomato (cv. Silvestre recordo), an analysis of its interactions
with MADS-TFs TAGL1 and FUL2, the interaction with
which was and was not, respectively, shown earlier (Leseberg
et al., 2008), was carried out.
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Structural analysis of the SIMADSS protein was carried out
in comparison with the known tomato, tobacco, and A. thali-
ana SEP homologs. The presence of the main domains cha-
racteristic of MIKC® type MADS-TFs was confirmed, namely
the highly conserved MEF2-like MADS-domain (1-76 aa),
an I-region (77-92 aa), a conserved keratin (K)-like domain
(93—173 aa), and a variable C-region (174241 aa) (Fig. 1, a).
The performed phylogenetic analysis testified the belonging
of SIMADSS to the SEP3 clade (see Fig. 1, b).

b

85 J2S.ly NP 001275579.1
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51 SIMADS1 S.ly NP 001234380.1
8o L SEP4AthNP849930.1
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Fig. 1. Structure and phylogenetic analysis of the SIMADS5.

a - three-dimensional structure of TF SIMADS5 according to Phyre2. The
MADS-domain is indicated with a circle; the beginning and end of the K-do-
main are indicated with red arrows; b — dendrogram based on the alignment
of 19 MADS-TF sequences from the SEP clade of tomato, other Solanaceae spe-
cies, and the model species Arabidopsis thaliana.

The analysis was carried out in MEGA 7.0, using the Maximum Likelihood
method based on the JTT model. The tree is rooted with S. lycopersicum AGL6
homolog. The significant bootstrap values for 1000 replicates are shown at
the base of the branches. The NCBI accession numbers are shown opposite
the protein names. S.ly - S. lycopersicum, N.ta - N. tabacum, A.th - A. thaliana,
S.tu - S. tuberosum L., C.an — Capsicum annuum L., L.ba - Lycium barbarum L.,
N.at — N. attenuate Torr. ex S. Watson, Phy — Petunia x hybrida.
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Fig. 2. Heatmap of SIMADS5 gene expression in roots, shoot apical meri-
stems, leaves, flower meristems, and flowers at the stages of bud initia-
tion (Bl), bud formation (BF), flower opening (F,-F3), as well as in whole
fruits, fruit peels, fruit pulps, and seeds at the stages IMG, MG, BR, OR,
and RR.

Expression of SIMADSS in roots and reproductive tissues is shown for S. lycoper-
sicum cv. MicroTom; in leaves and shoot apical meristems, for cv. M82.

To characterize TF SIMADSS functionally, we analyzed
the expression of the SIMADSS5 gene in various tomato organs
and the ability of SIMADSS protein to activate gene transcrip-
tion and interact with MADS proteins of the C and A classes.
Also, transgenic N. tabacum model plants with constitutive
overexpression of SIMADS5 cDNA were obtained.

In silico analysis of the SIMADS5 expression pattern was
carried out in roots, leaves, vegetative shoot meristem, flower
meristem, flower (from bud to fully open and anthesis stage),
fruits (4-8 days after anthesis), fruit skin and pulp (stages:
Immature Green (IMG); Mature Green (MG); Breaker (BR),
color change; Orange (OR); Red Ripe (RR)), and in seeds
(IMG, MG, BR, RR) (Fig. 2). SIMADSS5 transcripts were not
found in roots, leaves, and the vegetative apical meristem. At
the same time, SIMADS5 expression was shown in flowers
(maximum — at the anthesis stage), fruits, fruit peel (maximum
at MG and BR stages), fruit pulp (maximum at IMG, MG, and
BR stages), and seeds (maximum at IMG stage) (see Fig. 2).

In vivo analysis in the yeast two-hybrid GAL4 system
showed that TF SIMADSS has the property of activating the
transcription of target genes, interacts with the C-class MADS
protein TAGL1, but does not interact with the A-class MADS
protein FUL2 (Table 2).

The characterization of transgenic tobacco plants with
SIMADS5 constitutive overexpression was performed. In-
dependent regenerants T, 35S:SIMADS5 (18 plants) were
adapted to the greenhouse, tested by PCR for the presence of
a transgene expression cassette in the genome, and compared
with the control (non-transgenic tobacco plants) during de-
velopment. In comparison with the control, 35S::SIMADS5
plants (Fig. 3) bloomed much later (on average, 138 days vs.
62 in the control). Also, 35S::SIMADS5 phenotype was cha-
racterized by a 2.5-3.0 times thicker stem, 2.0 times shortened
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Table 2. Results of the analysis of SIMADS5
protein-protein interactions

pAD_GAL4 pBD_GAL4cam -LH -LTH -LTA X-gal
+10mM +10 mM test
3AT 3AT
Autoactivation test
SIMADS5 + + +
CDM44 + + +
(positive control)*
CDM37 - - -
(negative control)*
Protein-protein interaction test
SIMADS5  TAGL1 + + +
SIMADS5  FUL2 - - -
CDM44 (+)* CDM37 (+)* + + +

*According to (Shchennikova et al., 2004). The experiment was carried out in
parallelatroom temperature and 30 °C (the same results were obtained for both
temperatures). L - L-Leucine; H - L-Histidine; T - L-Tryptophan; A — L-Adenine
hemisulfate salt; 3AT - 3-amino-1,2,4-triazole; -LH, -LTH and -LTA - nutritional
medium without leucine/histidine, leucine/histidine/tryptophan, and leucine/
tryptophan/adenine, respectively; X-gal - 5-bromo-4-chloro-3-indolyl-B-D-ga-
lactopyranoside. X-gal test: yeast colonies, where the analyzed proteins inter-
act and, as a result, activate the expression of the B-galactosidase (lacZ) gene,
acquire a blue color due to the cleavage of the X-gal substrate added to the
medium by the B-galactosidase enzyme.

internodes, thickened and darker leaves, and 2.5 times fewer
flowers and capsules. The 35S::SIMADS5 flower structure did
not differ from the control.

Seeds of two transgenic T, lines (S5-16 and S5-17) with
a pronounced phenotype were planted in a greenhouse.
T, plants, which gave a positive PCR signal for the presence
of a transgene in the genome, bloomed 1.3—1.5 times later
than the control, had a 35S::SIMADS5 phenotype, and formed
flowers with magenta-colored corolla petals, in contrast to
light pink petals in the control.

Seeds of lines T, S5-16-6, S5-16-7, S5-17-1 and S5-17-4
were planted on MS medium (Km 50 mg/1); the 3:1 ratio of the
number of Km-resistant to Km-sensitive seedlings indicated a
heterozygous state of the transgene and one copy of it in the
genome of transgenic lines. In seedlings, internodes were near
absent, and only T, plants of the S5-16-7 line (14 accessions)
formed a noticeable stem and were adapted to the greenhouse
(the rest of the plants died after transfer to the soil). Plants
T, S5-16-7 demonstrated the 35S::SIMADSS phenotype: they
bloomed 2.4 times later than the control; formed thickened
stems and leaves, shortened internodes, and 2.3 times less
seed capsules.

In T, lines S5-16-7 and S5-17-1, in comparison with the
control, we analyzed the SIMADS5 expression, as well as the
expression of tobacco genes associated with reproductive
development: NtLFY, NtAP1 (plant transition to flowering),
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SIMADS5 SIMADS5

SIMADS5

Fig. 3. Transgenic tobacco plants T, (SIMADS5) (b-d, f) in comparison with the control non-transgenic N. tabacum plant (WT) (a, e)
at the stages of bud formation (c, d), flowering (g, e, f), and seed formation (b).

(c) and (d) - the top of the same plant 35S::SIMADS5. The photos were taken one and a half weeks apart. Scale bar 1 cm.

NtWUS (central regulator of stem cells in the meristem), NtAG,
NtPLE, NtSEP1, NtSEP2, NtSEP3 (key genes for the identity
of the flower meristem and flower organs). For the analysis,
we used tissues of leaves and apical meristems (vegetative
and reproductive in the control, and shoot meristem in lines
S5-16-7 and S5-17-1) of transgenic and control plants.

Expression of the SIMADSS transgene was present only
in the tissues of S5-16-7 and S5-17-1 plants. The expression
pattern of the remaining analyzed genes was similar: their
mRNA was absent or was minimal in the leaves of the control
and transgenic lines, as well as in the S5-16-7 and S5-17-1
apexes of undefined status. At the same time, these genes were
highly transcribed in the reproductive meristems of control
plants (Fig. 4).

Discussion

In this study, a functional analysis of the SIMADS5 gene, the
SEP3 homolog in tomato, was carried out. Structural analysis
(see Fig. 1) confirmed that SIMADSS5 belongs to the SEP3
clade, which may indicate the conservatism of its role in the

reproductive development of tomato, namely, its participa-
tion in determining the identity of petals, stamens, carpels,
and ovules.

It is known that SIMADSS5 is not expressed in tomato leaves
and roots and is expressed in flowers and fruits (Slugina et
al., 2020). Also, SIMADS5 mRNA is present in the meristem
domains that correspond to the future three inner whorls of
the tomato flower, as well as during organogenesis and in
the corresponding mature organs (Pnueli et al., 1991, 1994).
A detailed in silico analysis of the SIMADS5 expression pat-
tern carried out in this study revealed that SIMADS5 mRNA
is absent not only in roots and leaves, but also in the shoot
apical meristems and flower meristems at early stages of de-
velopment (see Fig. 2). Gene transcription is activated late in
the development of the flower meristem, and reaches a peak
in an open flower and in the peel of an immature fruit (see
Fig. 2). This corresponds not only to the well-known role of
SEP3 homologs in determining the differentiation of flower
meristem cells corresponding to the three inner whorls of
organs (Pnueli etal., 1991, 1994), but also suggests the active
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Fig. 4. Expression of SIMADS5 and N. tabacum genes NtWUS, NtLFY, NtAP1, NtAG, NtPLE, NtSEP1, NtSEP2 and NtSEP3 in control (C) and transgenic lines

S5-16-7 (1) and S5-17-1 (2).
L - leaf; M - shoot apical meristem, R — reproductive meristem.

participation of SIMADSS in the aspects of development and
ripening of tomato fruits and seeds.

To characterize the SIMADSS5 function, transgenic tobacco
plants with constitutive overexpression of SIMADS5 cDNA
were obtained. The phenotype of transgene overexpression
does not determine its function; however, it may indicate a
similarity with the already characterized homologs. Earlier,
the effect of heterologous overexpression of SEP3 homologs
of different plant species was studied mainly using trans-
genic A. thaliana plants, but there are works with the use
of Nicotiana spp. plants. Tobacco, like tomato, belongs to
the Solanaceae family and has the same flower structure;
therefore, in this study, a heterologous expression system in
tobacco was selected.

Various effects of overexpression of SEP3 homologs have
been described. Thus, SEP3 constitutive expression in A. tha-
liana significantly accelerates flowering (Pelaz et al., 2001a).
In these plants, the APETALA3 (B-class) and AG (C-class)
genes are transcribed ectopically (Castillejo et al., 2005).
Overexpression of the P.xhybrida SEP3-like gene FBP2
leads to early flowering of the A. thaliana plants (Ferrario
et al., 2003). Early flowering is caused by overexpression of
tobacco SEP3-like gene NSMADS3 in N. sylvestris Speg. &
Comes (Jang et al., 1999) and chrysanthemum SEP3-like gene
CDM44 in N. tabacum (Goloveshkina et al., 2012).

At the same time, no influence of overexpression of SEP3-
homologous genes on the flowering time was also observed.
Thus, homologous overexpression of FBP2 in P.xhybrida
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has no effect on plant vegetation period (Ferrario et al., 2006).
Heterologous overexpression of Platanus acerifolia SEP3-like
genes in A. thaliana causes early flowering only in the case
of the PlacSEP3.2 gene, while overexpression of the second
gene, PlacSEP3.1, causes early flowering only in transgenic
tobacco plants (Zhang et al., 2017).

In the case of SIMADS5 constitutive overexpression, a
significant delay in flowering was observed, most likely as-
sociated with the incorrect development of the shoot apical
meristem (see Fig. 3). Different effects of heterologous ecto-
pic expression of SEP3 homologs in transgenic plants may
be associated with structural differences in encoded protein
sequences responsible for binding to promoters of target genes
or to partner proteins.

Normally, traces of the A. thaliana SEP3 transcripts are
found in the inflorescence meristem, and gene expression is
noticeably activated only in the flower meristem parts, from
which petals, stamens, and carpels are subsequently formed
(Ferrario et al., 2003; Urbanus et al., 2009). Therefore, the
presence of the TF SIMADSS in tissues, where there should
be no tobacco SEP3 homologs, can lead to nonspecific protein-
protein and DNA-binding interactions of SIMADSS, which
can disrupt the pattern of meristem development.

To clarify the status of transgenic meristems S5-16-7 and
S5-17-1, visually ready for flowering, we analyzed the expres-
sion of genes whose activity is associated with the identity of
the reproductive inflorescence and flower meristems (NtLFY
and NtAP1) (Weigel et al., 1992). Considering the results
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obtained (see Fig. 4), only the inflorescence meristem of the
control plant has reproductive status. The presence of a low
level of LFY expression in the vegetative apex of the control
and in the S5-16-7 apex (see Fig. 4) suggests the initial stages
of the meristem transition to the reproductive state, since it has
been shown that in A. thaliana LFY begins to be expressed in
the flower meristem primordia at the periphery of the inflo-
rescence meristem (Weigel et al., 1992).

It is known that SEP3 is the central hub of the MADS-
complexes in A. thaliana (Immink et al., 2009). TF SIMADS5
also shows an exceptional ability to assemble tetrameric com-
plexes of MADS TFs (Leseberg et al., 2008). The interaction
of SIMADSS with FUL2 and TAGL1 shown in this work (see
Table 2), as well as the role of FUL2 and TAGLI in pistil
initiation and early fruit development (Vrebalov et al., 2009;
Wang R. et al., 2019), indicate the possible involvement of
SIMADSS in determining the identity of the tomato pistil in
complex with FUL2 and TAGL1.

One of the complexes, SEP3/SEP3/AG/AG, is required
for flower determination and completion of its development
(Hugouvieux et al., 2018). This is due to a decrease in the
number of stem cells because of the WUS gene suppression
with the key participation of TF AG (Lenhard et al., 2001).
Accordingly, in transgenic petunia plants with simultaneous
overexpression of SEP3-like FBP2 and D-class gene FBP11,
where developmental arrest is observed at the cotyledon
stage, transcription of AG-like FBP6 is activated and mRNA
of WUS-like TERMINATOR is absent (Ferrario et al., 2006).
This suggests the joint participation of SEP3, AG, and D-class
genes in the suppression of stem cells in the meristem.

Taking into account the activation of AG expression in
A. thaliana with SEP3 overexpression (Castillejo et al., 2005),
as well as the participation of SEP3 and AG in the suppres-
sion of WUS transcription (Lenhard et al., 2001; Ferrario
et al., 2006) and the interaction of TF SIMADSS with the
AG homolog TAGLI (see Table 2), it can be assumed that
the ectopically synthesized TF SIMADSS is able to activate
transcription of the tobacco AG-like genes NtAG and NtPLE
in transgenic shoot meristem. Subsequent formation of com-
plexes SIMADS5/SIMADSS/NtAG/NtAG or SIMADSS5/
SIMADSS5/NtPLE/NtPLE can lead to inhibition of meristem
development due to the tobacco WUS-like gene NtWUS
suppression, since WUS plays a key role in determining the
stem cell identity, the population of which is not supported
in plants with loss of WUS function (Ferrario et al., 2006;
Jha et al., 2020).

To test this possibility, we analyzed the expression of
SIMADSS5, NtWUS, AG-like genes NtAG and NtPLE, as well
as SEP-like genes NtSEP1, NtSEP2, and NtSEP3. However,
the presence of SIMADSS5 ectopic expression did not lead
to the activation of AG-like genes, and the expression of
NtWUS was significantly higher in the tissues of transgenic
lines in comparison with the control (excluding the control
inflorescence meristem) (see Fig. 4). The latter can be a pro-
bable reason for the formation of significantly thickened, in
comparison with the control, stem and leaves of transgenic
plants of all 11 lines with the 35S::SIMADS5 phenotype (see
Fig. 3) as a result of the increased number of stem cells and
the meristem overgrowth.
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It should also be noted that in transgenic plants, the an-
thocyanin color of the flower corolla changed from pale pink
(control) to magenta (35S::SIMADS5) (see Fig. 3). Previous-
ly, it was shown that the expression of the SEP-like gene
MrMADSO1 in Myrica rubra berries significantly increases
at the last stage of ripening, which allowed the authors to
suggest the involvement of this gene in the biosynthesis of
anthocyanins (Zhao et al., 2019). Silencing the SEP-like gene
PaMADSY in sweet cherry (Prunus avium) leads to a change
in the content of anthocyanins in fruits (Qi et al., 2020). It can
be assumed that SIMADSS is also involved in the regulation
of anthocyanin biosynthesis in transgenic tobacco petals.

Silencing of SIMADS5 gene leads to a change in the number
of flower whorls and the number of organs in whorls, as well as
the formation of green petals with signs of sepals, and sterile
anthers and carpels with signs of sepals and petals, respectively
(Pnueli et al., 1994), which may indicate the participation of
the gene in determining the identity of tomato flower organs.
Nevertheless, no complete homeotic transformation of certain
flower organs was observed when SIMADS5 was suppressed
(Pnueli et al., 1994).

Conclusion

The data on the effect of SIMADS5 overexpression on the
development of transgenic tobacco plants obtained in this
study also do not confirm the involvement of the gene in
determining the floral organ identity. Also, the data obtained
may indicate that the ectopic expression of this single gene in
a heterologous system (N. tabacum) is insufficient to activate
transcription of the MADS-box tobacco genes associated with
flowering, but it is sufficient for a long delay in the reproduc-
tive development of the plant.
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Abstract. Annexins as Ca?*/phospholipid-binding proteins are involved in the control of many biological processes
essential for plant growth and development. In a previous study, we had shown, using a proteomic approach,
that the synthesis of two annexins is induced in pea roots in response to rhizobial inoculation. In this study, phy-
logenetic analysis identified these annexins as PsAnn4 and PsAnn8 based on their homology with annexins from
other legumes. The modeling approach allowed us to estimate the structural features of these annexins that might
influence their functional activity. To verify the functions of these annexins, we performed comparative proteomic
analysis, experiments with calcium influx inhibitors, and localization of labeled proteins. Essential down-regulation
of PsAnn4 synthesis in a non-nodulating pea mutant P56 (sym10) suggests an involvement of this annexin in the
rhizobial symbiosis. Quantitative RT-PCR analysis showed that PsAnn4 was upregulated at the early stages of sym-
biosis development, starting from 1-3 days after inoculation to up to 5 days after inoculation, while experiments
with the Ca* channel blocker LaCl; revealed its negative influence on this expression. To follow the PsAnn4 protein
localization in plant cells, it was fused to the fluorophores such as red fluorescent protein (RFP) and yellow fluo-
rescent protein (YFP) and expressed under the transcriptional regulation of the 35S promoter in Nicotiana bentha-
miana leaves by infiltration with Agrobacterium tumefaciens. The localization of PsAnn4 in the cell wall or plasma
membrane of plant cells may indicate its participation in membrane modification or ion transport. Our results
suggest that PsAnn4 may play an important role during the early stages of pea-rhizobial symbiosis development.
Key words: legume-rhizobial symbiosis; pea annexins; three-dimensional modeling; proteomics; calcium inhibitors;
localization.
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OMI0oreHeTMUYECKU 1 CTPYKTYPHBIN aHaIn3 aHHEeKCTHOB
y ropoxa (Pisum sativum L.) 1 X pojib B pa3sBUTUN
60060BO-p13001aJIBHOr0 CUMOMO3a

O.A. ITaBaoBa, V1.B. Aenmsinen, A.B. Kycrosa, A.A. boBuH, E.A. Aoarnx ®

Bcepoccnitcknin HayYHO-NCCNe0BaTeNbCKUI MHCTUTYT CENbCKOXO3ANCTBEHHOW MuKpobuonoruw, MywkuH, CaHkT-Metepbypr, Poccuna
@ dol2helen@yahoo.com

AHHoTauuA. AHHeKCrHbI ABnatoTca Ca2t/gocdonmnua-ceasbiBaowmmy 6eKkamm, KOTopble BOBJIEUEHbI B KOHTPOJTb
MHOTUX 6MONOrMYECKMX NPOLLeCCcoB, HEOOXOANMbIX ANA POCTa U Pa3BUTUA pacTeHui. PaHee BbIMOMHEHHbIN NPO-
TEOMHbI aHaM3 MO3BOMW HaM BbISIBUTb iBa aHHEKCUHA, CUHTE3 KOTOPbIX YCU/IMBAETCA B OTBET Ha pr306UanbHyo
NHOKynAumio. B 3Tol paboTe ¢ nomoLbto GUNoreHeTNYeCKOro aHanmsa ABa aHHeKcrHa 6binm KnaccnduumpoBaHbl
Kak PsAnn4 1 PsAnn8 Ha OCHOBaHMM UX FTOMOSIOTUM C aHHEKCMHaMy Apyrux 6060BbIx pacTeHnin. C NOMOLLbio MO-
NeKyNAPHOro MOAENNPOBAHNA Mbl U3YUUSIN CTPYKTYPHbIE OCOOEHHOCTI STUX aHHEKCUHOB, KOTOPbIE MOTYT BANATH
Ha X GYHKLMOHaNbHY0 aKTMBHOCTb. AN aHanm3a dyHKumn PsAnn4 n PSAnn8 Gbinu NpoBefieHbl CPaBHUTENbHBbI
NPOTEOMHbIV aHaNU3, SKCNEPUMEHTbI C UHFMOVTOPaMK NMOCTYMSIEHWA KanbUMA B KNETKY U NOKanu3aumna B TKaHAX
pacteHuii. OTCYTCTBME aKTBaLMKN cCMHTe3a PsAnn4 y myTaHTa ropoxa P56 (sym10), He cnoco6Horo popmmnpoBaTb
Kny6eHbKW, NpeAnonaraeT yyacTme 3Toro aHHeKkcrHa B 6060B0-pr3oburansHom cumbrose. KonnuectseHHas MLP,
COBMelLleHHasi ¢ 06paTHON TPaHCKPUNUKMEN, NMoKasana, YTo 3KCNpeccus reHa PsAnn4 yBennuvBaeTca Ha paHHUX
CTaAMAX PasBUTUA CUMOMO3a HauMHasA ¢ 1-3-To AHA NOC/e UHOKYIAUMK A0 5-T0 AHA, Toraa Kak 6nokatop Ca2* ka-
Hana LaCl3 nogaBnaet 3Ty akcnpeccuto. ns nyyeHuns nokanusaumv PsAnn4 B KneTkax pacteHuii 6b11m nonyyeHbl
KOHCTPYKLMW AN CMHTe3a 3TOoro 6enKa, CIMTOro ¢ TakumMmn pnyopodopamu, Kak KpacHbli driyopecLeHTHbI 6enok
(RFP) 1 >enTblii dpnyopecLeHTHbI 6enok (YFP) npu TpaHCKPUMNLMOHHOW Perynsauny nog npomotopom 35S B nu-
ctbsix Nicotiana benthamiana npwv nnounstpaunn Agrobacterium tumefaciens. llokanusauma PsAnn4 B KneToyHom
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DurnoreHeTUYECKNI 1 CTPYKTYPHBIN aHanu3
aHHEKCMHOB Y ropoxa

CTEHKe WJIN M1a3MaTUyYecKoll MeMbpaHe KNeToK pacTeHUi yKa3blBaeT Ha BO3MOXKHOCTb Y4YaCTUs 3TOrO aHHEKCMHA B
VNOHHOM TpaHcnopTe unv moandrkaumm membpanbl. O6Cy»KAaeTcs BO3MOXKHasA posib aHHeKcMHa PsAnn4 B peryns-

LV PaHHKX CTaguid pa3BuTUA CMbK1O3a y ropoxa.

Kniouesble cnosa: 606OBO-pI/I306I/IaJ'IbeIIh CMMOM03; AaHHEKCUHDI ropoxa; 3D—Mo,qen|/|posaH|/|e; npoTeoMunKa; NHIrn-

6VITOpr KanbuUWA; IOKann3auma.

Introduction

Annexins are of particular research interest due to their abili-
ty to regulate various aspects of plant growth and develop-
ment. Annexins belong to the evolutionarily conserved
superfamily of proteins that are involved in Ca?*-dependent
or Ca%*-independent binding with membrane phospholipids
(Laohavisit, Davies, 2011; Davies, 2014). Most annexins
have four putative annexin repeats of around 70 amino acids,
with the conservative repeat GXxGT-(38 residues)-D/E, which
confers Ca2*/phospholipid-binding activity to these proteins
(Gerke, Moss, 2002; Laohavisit, Davies, 2011). In addition,
some plant annexins have motifs demonstrating F-actin bind-
ing and peroxidase and ATPase/GTPase activities (Mortimer
et al., 2008; Konopka-Postupolska et al., 2011).

Despite the general structural similarity of these proteins,
the functions of annexins are diverse, and individual annexins
may have specific activities. Annexins are involved in a wide
variety of essential cellular processes, including the regulation
of membrane organization, vesicle trafficking, cytoskeletal
dynamics, exocytosis, cell cycle control, ion transport, and
signal transduction (Laohavisit, Davies, 2011; Clark et al.,
2012; Davies, 2014). Annexins as phospholipid-binding pro-
teins are being implicated in the fusion of membrane vesicles,
as was shown for annexins from bell pepper and cotton (Clark
et al., 2012; Lizarbe et al., 2013). They are also involved in
the regulation of exocytosis, e.g., annexins in Zea mays root
cap cells (Carroll et al., 1998). Moreover, annexins can func-
tion as cationic channels activated by various stimuli in cells.
Annexins can influence the Ca?* influx in plant cells, as was
demonstrated for a Capsicum annuum annexin, which has
Ca?*-channel activity (Hofmann et al., 2000). The Arabidopsis
thaliana annexin AtAnnl, which is expressed in root cells,
exhibits pH-dependent cation-channel activity, while Z. mays
annexins cause active conductivity of Ca2* in lipid bilayers
at slightly acidic pH (Gorecka et al., 2005; Laohavisit et al.,
2009). Since annexins can be Ca%* sensors, these proteins are
likely to be involved in signal transduction; for example, the
annexin from Triticum aestivum was suggested to be engaged
in low-temperature signaling (Breton et al., 2000).

Participation of annexins in the responses to cold, oxida-
tive, and saline stresses is well-studied in plants (Mortimer et
al., 2008; Clark et al., 2012; Espinoza et al., 2017). The an-
nexin AtAnnl from A. thaliana is involved in plant protection
against oxidative stress (Konopka-Postupolska et al., 2009).
The overexpression of AtAnn has been found to confer tole-
rance to drought and salt stresses and fungal attack in trans-
genic plants (Konopka-Postupolska et al., 2009). Similarly,
the overexpression of the wild tomato (Solanum pennellii)
annexin SpAnn2 in cultivated tomato Solanum lycopersicum
enhances drought and salt tolerance through the elimination
of reactive oxygen species (ROS) (ljaz et al., 2017).

Some annexins are also known to be activated in plants
during interaction with plant-growth promoting bacteria

(Kwon et al., 2016) and the development of mutualistic sym-
bioses (De Carvalho-Niebel et al., 1998, 2002; Wienkoop,
Saalbach, 2003; Manthey et al., 2004; Talukdar et al., 2009;
Limpens et al., 2013; Breakspear et al., 2014; Carrasco-
Castilla et al., 2018). During legume-rhizobial symbiosis,
physiological changes occur, which are necessary for rhizobial
infection and nodule organogenesis, such as the stimulation
of ion fluxes, membrane depolarization, ROS production,
cytoplasm alkalinization, perinuclear calcium oscillations,
and cytoskeletal rearrangements. In Medicago truncatula, the
transcription of MtAnnl is activated directly by Nod factors
or inoculation with rhizobia in epidermal cells and later in
cortical cells (De Carvalho-Niebel et al., 1998, 2002; Break-
spear et al., 2014). Studies using confocal microscopy showed
GFP-labeled MtAnnl to be localized in the cytoplasm, but
protein accumulation in response to inoculation occurred at
the periphery of the nucleus. MtAnn1 has been shown to be
able to bind to the membrane phospholipid phosphatidyl-
serine. Therefore, MtAnn1 is probably related to the events
occurring at the early stages of symbiosis, leading to bacte-
rial infection or nodule organogenesis (De Carvalho-Niebel
etal., 2002).

Transcriptome profiling of roots inoculated with rhizobia
revealed enhanced expression of MtAnn2, as well as MtAnn1
(Manthey et al., 2004). The expression of the MtAnn2 gene is
associated with cell division in the nodule primordium (Man-
they et al., 2004). Proteomic analysis revealed the MtAnn2
protein presence in lipid rafts from root plasma membrane
preparations (Lefebvre et al., 2007). Another annexin MtAnn3
was found to be important for root hair deformations in
M. truncatula (Gong etal., 2012). The increased expression of
MtANnn1 and MtAnn2 is also associated with the early stages
of AM fungal symbiosis, which corresponds to the stages of
pre-infection and infection in this type of symbiosis (Manthey
et al., 2004). This may indicate the general role of these an-
nexins in the regulation of signaling pathways that lead to the
development of two types of symbiosis.

Aprotein homologous to MtAnn1 —PvAnnl from Phaseo-
lus vulgaris — is activated at the early stages of symbiosis
development (Jauregui-Zufiga et al., 2016; Carrasco-Castilla
et al., 2018). The stimulation of Ca?* ion transfer through
the plasma membrane and ROS production caused by Nod
factors constitute an early response in the signal transduction
pathway. Analysis of PvAnn1-RNAI transgenic roots inocu-
lated with rhizobia showed a decrease in ROS production
and Ca?* influx into the cells, which resulted in impaired
progression and decreased numbers of infection threads and
nodules (Carrasco-Castilla et al., 2018). Taken together, these
findings point to the involvement of PvAnnl1 in the regulation
of signal transduction at early stages.

Previously performed proteomic analysis in pea (Pisum
sativum L.) allowed us to reveal two annexins, the synthe-
sis of which was increased in response to inoculation with
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Rhizobium leguminosarum bv. viciae RCAM1026 in 24 h
(Leppyanen et al., 2018). In this work, searching in the
recently released pea genome database using available cod-
ing sequences for annexin genes from M. truncatula and
P. vulgaris revealed 15 annexins in pea. Phylogenetic analysis
showed the relationship among members of the annexin su-
perfamily in other legumes and allowed the identification of
two previously revealed pea annexins responsive to rhizobial
inoculation as PsAnn4 and PsAnn8 based on their homology
with the M. truncatula and P. vulgaris proteins. To verify the
function of these annexins, we performed comparative pro-
teomic analysis using pea mutant P56 (sym10) unable to form
symbiosis and wild type cv. Frisson. The approaches employed
included quantitative RT-PCR, experiments with calcium
channel inhibitors, and localization of labeled proteins.

Materials and methods

Plant material and bacterial strain. Pea Pisum sativum L.
seeds cv. Frisson were sterilized with sulphuric acid for
5 min, washed with water 3 times, transferred on 1 % water
agar plates and germinated at room temperature in the dark.
4-5 days-old seedlings were transferred into pots with ver-
miculite saturated with Jensen medium (van Brussel et al.,
1982), grown in a growth chamber at 21 °C at 16 h light/
8 h dark cycles, 60 % humidity. For experiments with inhibi-
tor, the Ca?* channels blocker LaCl,, the plants were grown
in pots saturated with Jensen medium with 100 pM CacCl, x
2 H,0. The Rhizobium leguminosarum bv. viciae strain
RCAM 1026 (WDCM 966) was cultivated at 28 °C on TY
(Orosz et al., 1973) agar medium with 0.5 mg/ml of strepto-
mycin. Fresh liquid bacterial culture was grown in B-medium
(Van Brussel et al., 1977) and the optical density of the sus-
pension at 600 nm (ODg,,) was adjusted to 0.5. Pea seedlings
were inoculated with 2 ml of R. leguminosarum bv. viciae
per plant. Pea roots (segments of main roots susceptible for
rhizobial infection without lateral roots) were harvested 1 day
after inoculation (dai).

Nicotiana benthamiana seeds were surface sterilized with
10 % hypochlorite for 10 min, washed with water 5 times
and left for imbibition on a plate with sterile filter paper at
4 °C. All seeds were germinated in a large plastic box with
soil for seven days, and then transferred into individual pots
with soil. Plants were grown at 23 °C with 16 h light/8 h dark
cycles, 60 % humidity.

Phylogenetic analysis. Multiple sequence alignments were
performed using ClustalQ http://www.clustal.org/omega/
(Sievers et al., 2011). The phylogenetic tree was generated
with the Maximum Likelihood method using MEGA X https://
www.megasoftware.net/ with 1000 bootstrap replicates. The
domain composition of the corresponding encoded proteins
was assessed using PFAM https://www.sanger.ac.uk/science/
tools/pfam (Bateman et al., 2004).

Protein homology modeling was performed in Modeller
9.20 https://salilab.org/modeller/9.20/release.html (Webb,
Sali, 2016). Visualization of the three-dimensional structure
was obtained using the PyMol program https://pymol.org/2/
(Ordog, 2008). The three-dimensional crystal structure of the
GhAnn1 G. hirsutum protein (Hu et al., 2008) was used as
a template for building the model. To refine the model, the
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energy was minimized twice by the conjugate gradient method
(VTFM) and the method of molecular dynamics in vacuum.
The reliability of the model was calculated by the formula

P =(1-F(2))100 %,

where Z is the estimation of discretely optimized protein ener-
gy, F is the Gaussian function with u =0 and 6% = 1.

Isolation of total protein from pea roots. A modified me-
thod was used to isolate proteins from pea roots (Dam et al.,
2014). 100 mg of the roots were ground in liquid nitrogen,
then extraction buffer (0.1 M tris-HCI (pH 8.0), 30 % sucrose,
10 mM dithiothreitol (DTT), 2 % sodium dodecyl sulfate
(SDS), a mixture of protease inhibitors (Sigma-Aldrich, USA)
was added to the material and extraction was performed at
+4 °C. After centrifugation at 12000 g for 15 min, the super-
natant was mixed in a 1:1 ratio with phenol (pH 8.0) (Thermo
Fisher Scientific, USA), centrifuged at 12000 g for 5 min.
The upper phase was taken for precipitation of proteins. Five
volumes of cold 200 MM ammonium acetate in methanol were
added and incubated for 30 min at —20 °C. After centrifuga-
tion at 12000 g for 5 min, the pellet was washed twice with
100 mM ammonium acetate in methanol and twice with 80 %
acetone. The precipitate was dried in air and dissolved in the
buffer for isoelectric focusing (25 mM tris-HCI (pH 8.0), 9 M
urea, 4 % CHAPS, 50 mm DTT, 0.2 % ampholytes (Bio-Rad
Laboratories, USA)). Protein concentration was measured
using Bradford assay (Bradford, 1976).

Two-dimensional differential gel electrophoresis. Two-
dimensional differential gel electrophoresis (DIGE) of pro-
teins was performed using staining of samples with various
fluorescent dyes (Voss, Haberl, 2000). The samples were con-
jugated for 30 min on ice with fluorescent dyes Cyanine 2
or Cyanine 5 (Cy2 or Cyb5) in various combinations. The in-
cubation solution contained 400 pM of each dye dissolved
in dimethylformamide for 30 min on ice. The reaction was
stopped by adding 10 mM L-lysine (Sigma-Aldrich), fol-
lowed by incubation on ice for 10 min. After that, the control
and experimental samples were mixed, DTT and ampholytes
(50 mM DTT, 0.2 % ampholytes (Bio-Rad Laboratories)
were added. Passive in-gel rehydration with immobilized
pH gradient (Bio-Rad Laboratories) was performed overnight
at room temperature. The total amount of sample applied to
7 cm gel (pH 3-10, Bio-Rad Laboratories) was up to 100 ug.
Isoelectric focusing (IEF) was performed in a Protean IEF
system (Bio-Rad Laboratories) at a temperature of 20 °C, the
samples were desalted at 250 V for 15 min, after which the
voltage was linearly increased to 4,000 V for 2 hours, then
IEF was carried out with increasing voltage up to 10000 V.
Before electrophoresis in polyacrylamide gel (PAGE), pro-
tein recovery was carried out in buffer with DTT (6 M urea,
0.375 M tris, pH 8.8, 2 % SDS, 20 % glycerol, 2 % DDT) for
10 min followed by alkylation in iodoacetamide buffer (6 M
urea, 0.375 M tris, pH 8.8, 2 % SDS, 20 % glycerol, 2.5 %
iodoacetamide) for 15 min. The second direction of two-di-
mensional electrophoresis was carried out in tris-glycine buf-
fer (25 mM Tris-HCI, 192 mM glycine, 0.1 % SDS, pH 8.3)
in 15 % polyacrylamide gel using a 4 % stacking gel. After
separation of proteins the gels were visualized using a laser
scanner Typhoon FLA 9500 (GE Healthcare, Germany).
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Table 1. List of primers used in this study

Gene name Forward primer
Ubiquitin 5"-ATGCAGATC/TTTTGTGAAGAC-3
psmna 5'-CATCTTTGGGCACTTGAATCC-3'
psamns 5"-GAACATGGCGTCTCCGTCAGTAA-3'
psknods 5'-CGATACTATCGATGTAGTGG-3
NN 5'-CCGCAAAGAGCATCGGTGTATG-3

Mass spectrometry. The proteins were rehydrated in tryp-
sin solution (20 ng/ul trypsin, 30 mM tris, pH 8.2) on ice for
1 h and then incubated for 1 h at 56 °C. The peptides were
extracted from the gel with 50 % acetonitrile, 0.1 % formic
acid. This solution was evaporated in vacuum concentrator
CentriVap (Labconco) at 4 °C and dissolved in phase A (5 %
acetonitrile, 0.1 % formic acid). Mass spectrometry was per-
formed using Agilent ESI-Q-TOF 6538 UHD (Agilent Tech-
nologies) combined with high performance liquid chromato-
graph Agilent 1260 (Agilent Technologies). Chromatography
was performed in system water — acetonitrile in the presence
of 0.1 % formic acid (phase A -5 % acetonitrile with 0.1 %
formic acid, phase B — 90 % acetonitrile with 0.1 % formic
acid) in the gradient of acetonitrile (from 5 to 60 % phase B
for 25 min and to 100 % phase B for 5 min) on Zorbax 300SB-
C18 column 3.5 um, 150 mm length (Agilent Technologies)
with flow rate 15 pl/min.

RNA extraction and quantitative reverse transcription
PCR (RT-PCR). RNA extraction and RT-PCR were per-
formed as described previously (Kirienko et al., 2018). The
quantitative RT-PCR analysis was performed on a CFX-96
real-time PCR detection system with C1000 thermal cycler
(Bio-Rad Laboratories). All primer pairs (Table 1) were de-
signed using the Vector NTI program and produced by the
Evrogen company (www.evrogen.com). PCR amplification
specificity was verified using a dissociation curve (55-95 °C).
MRNA levels were normalized against Ubiquitin and values
were calculated as ratios relative to non-inoculated root ex-
pression levels. The data of two-three independent biological
experiments were analysed. Statistical analysis was conducted
by Student’s test (p < 0.05) to assess the differences between
variants.

Genetic constructs for plant transformation. To obtain
the pBIN19 vector for plant transformation, carrying the gene
of interest, the coding sequence of PsAnn4 gene without stop-
codon has been amplified using cDNA as a template with
corresponding primers (see Table 1). Total RNA was isolated
from 2 dai pea roots of cv. Frisson. Amplification was done
using Phusion Flash High-Fidelity PCR Master Mix (Thermo
Scientific). The amplified products were restricted with Xbal
and EcoRI and subcloned in the pMON vector under 35S
promoter in the frame with the sequences encoding RFP or
YFP and nopaline synthase terminator (Tnos). The inserts were
verified by sequencing. The cassette composed of the 35S
promoter, gene of interest fused with RFP or YFP and Tnos
was excised from pMON using Hind 111, Smal and cloned in
the pBIN19. All verified constructs were transferred into the
Agrobacterium tumefaciens LBA4404.
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Reverse primer

Transient protein expression in N. benthamiana leaves.
A. tumefaciens strain LBA4404 was used for infiltration in
N. benthamiana leaves. Bacterial culture was grown at 28 °C
overnight, then centrifuged at 3000 g and resuspended in
10 mM MES-KOH, 10 mM MgCl, and 0.5 mM acetosyrin-
gone up to culture density ODg,, = 0.5. Bacterial cells were
infiltrated into the leaves of 3-week-old N. benthamiana.
Plants were analyzed 48—96 h after infiltration.

Results

Phylogenetic analysis of annexins

in pea and other legumes

The search of the sequences presumably coding for annexins
in legumes was performed using BlastX with 8 previous-
ly revealed M. truncatula and 13 P. vulgaris nucleotide
sequences encoding these proteins (Kodavali et al., 2013;
Carrasco-Castilla et al., 2018) as queries against different
plant sequence databases: https://phytozome.jgi.doe.gov/pz/
portal.html for M. truncatula and P. vulgaris, http://Awww.
kazusa.or.jp/lotus/ for L. japonicus, and the URGI data-
base v. 1 https://urgi.versailles.inra.fr/blast for P. sativum L.
(Clark et al., 2001; Carrasco-Castilla et al., 2018; Kreplak
et al., 2019). As a result, we were able to identify 18 cod-
ing sequences (CDSs) for annexins in M. truncatula, 15 in
P. sativum L., and 13 in L. japonicus (Table 2). Twenty-three
genes had been previously found to encode annexins in soy-
bean (Feng et al., 2013). The coding sequences for annexins
from P. sativum were named based on their phylogenetic
relationships with the corresponding homologous sequences
from M. truncatulaand P. vulgaris (see Table 2) (Clark et al.,
2012; Kodavali et al., 2013; Carrasco-Castilla et al., 2018).

The phylogenetic analysis (Fig. 1) was performed using
the deduced amino acid sequences of annexins found and
annotated for P. sativum along with those of other legumes
(M. truncatula, P. vulgaris, Lotus japonicus, and Glycine
max) and non-legumes (A. thaliana, G. raimondii), which
were available in the Phytozome database v. 12.1 and other
databases.

Based on our analysis, the previously found MtAnnl
(Medtr89038210) and PvAnn1 (Phvul.011g209300) clustered
in the subclade with proteins corresponding to P. sativum
Psat4g147120 and Psat4g191080, named PsAnnla and
PsAnnlb (see Table 2). Revealed in M. truncatula MtAnn2
(Medtr8g038220) and P. vulgaris PvAnn2 (Phvul.011g209200)
clustered in the subclade with Psat4g191040, named PSAnn2.

Two previously described pea annexins induced in roots
in response to rhizobial inoculation (Leppyanen et al., 2018)
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Phylogenetic and structural analysis
of annexins in pea

Table 2. Accession numbers and annotations of annexin sequences in P. sativum, M. truncatula, P. vulgaris, and L. japonicus

Gene accession number Protein Gene accession number Protein Gene accession number Protein Gene accession number
P.vulgaris M. truncatula P. sativum L. japonicus

Phvul011G2093001  PvAnnl  Medu8g0382101 MeAnni  Psatdgl471201, PsAnnla,  Lj0g3v0203419.1

Psat4g191080.1 PsAnn1b
Phvul011G2092001  PvAnn2  Medti8g0382202  MtAnn2  Psatdg191040.1 PsAnn2  Lj0g3v0363079.1
Phvul011G2095001  PvAnn3  Medti8g0381501 MtAnn3  Psatdgi469201 PsAnn3  Lj0g3v0203449.1
Phvul005G030100.1  PvAnnd  Medt3g0187801 MeAnnd  Psatsg2174401 PsAnnd  Lj0g3v0261959.1
Phvul004G146900.1  PvAnS  Medtr6g0715952 MtAnns  Psat1g028960.1 PsANNS  L2g3v0636730.1,
Lj4g3v2858470.1
Phvul005G0302001  PvAnn6  Medt3g018790.1 MtAnn6  Psatsg2179201 PsAnnG  Lj0g3v0261939.1
Phvul002G3322001  PvAnn7  Medt8g107640.1 MtAnn7  Psat7go006g0.l PsAnn7  Ljdg3v31174101
Phvul008G1731001  PvANn8  Medt5g063670.1 MtAnng  Psat2g0749601 PsAnNg  LjOg3v0166899.1
phvu|OO6G1234001 ........... vanng ....... Medtrzgo319801 ............... MtAnng ...... Psaﬂg1643601 ................... PSAnng ......... S
Phvul003G0137001  PvAnN1O Medtr1g033560.1 MtAnn10 Psat6g0954401 PsANNIO  Lj2g3v0062280.1,
Lj593v0768290.1

Phvul011G2094001  PvAnn1l  Medugg038170.1 MtAnnt1 Psatdgl469601 PsAnnil  Lj0g3v0203439.1
Phvul002G2557001  PvANn12 Medtr027650050.1  MtAnni2 Psat7g0s4960.1 PsAnn12  Lj4g3v28233701
Phvul004G0522001  PvANN13  Medtr6g028030.1 MtAnn13 Psatigoodgool PsAnR1z -
................................................................... Medtr890381801MtAnn14psat4g147ooo1psAnnM_
................................................................... Medtr3go18920]MtAnn]5___
................................................................... Medtr1g1125201MtAnm6___
................................................................... Medtr6go716051MtAnm7___
................................................................... Medtr6go716151MtAnn18___

were identified as proteins corresponding to Psat5g217440
and Psat2g074960 coding sequences using a new database
https://urgi.versailles.inra.fr/blast for P. sativum (see Table 2)
(Kreplak et al., 2019). The phylogenetic analysis depicted an
additional branch in the phylogenetic group with MtAnn1/
PvAnnl and MtAnn2/PvAnn2, comprising MtAnn4
(Medtr3g018780), PvAnn4 (Phvul.005g030100), and their
homolog Psat5g217440, named PsAnn4 (identified by pro-
teomic screening) (see Table 2). Another previously found
pea annexin, Psat2g074960, might be closely related to
Medtr5g063670 and Phvul.008G173100.1, defined as MtAnNn8
and PvAnn8 based on phylogenetic analysis (see Table 2).

Analysis of the domain composition of pea annexins

and modeling of three-dimensional structure

of PsAnn4 and PsAnn8

Analysis of the domain composition of the corresponding
proteins in pea showed the presence of four typical domains
of plant annexins (Fig. 2). This suggests that the annexin gene
family indeed comprises several members in pea. Although
plant annexins have four putative annexin repeats, not all Ca2*-
binding matifs in these repeats seem to be functional. In plant
annexins, the Ca2*-binding site is highly conservative in the
first (I) repeat but is not conservative in the second (II) and
third (111) repeats, while in the fourth (1) repeat moderate
conservatism is preserved (see Fig. 2).
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The crystal structure of the Gossypium hirsutum annexin
GhAnNn1 bound to calcium was obtained in an earlier study
(Huetal., 2008). Since PsAnn4 and PsAnn8 may be involved
in regulation of pea-rhizobial symbiosis, we modeled the
three-dimensional (3D) structure of these two annexins using
GhAnn1, with 50 % sequence identity for PsAnn4 and 78 %
sequence identity for PSAnn8 as a template (Fig. 3, a, b).
The resulting 3D structures of PsAnn4 and PSAnn8 proteins
indicated the coordination of calcium ions in the first and
fourth annexin repeats. In the first repeat of both proteins, the
calcium-binding site of the type Il was coordinated by three
carbonyl oxygen atoms of the residues Phe-23, Gly-25, and
Gly-27, and carboxylate of Glu-67 in PsAnn4 and PsAnn8
(see Fig. 2 and 3, c, d), as was shown earlier for GhAnnl
(Hu et al., 2008).

We suppose that the second calcium ion is bound in the loop
of the fourth annexin repeat of PsAnn4 and PsAnn8 proteins. It
is coordinated in the binding site of type 11 by lle-254, Lys-256,
and Gly-258 in pea annexins (see Fig. 2, 3, e, f). The third
calcium ion (in the binding site of type I11) is coordinated by
two oxygen atoms of the residues Val-296 and Thr-299 and
carboxylate of Glu-304 in this protein (similarly, Val, Thr,
and Glu are involved in Ca2* binding in the fourth repeat of
GhAnNN1) (see Fig. 2, 3, g) (Hu et al., 2008). However, in the
fourth repeat of PsAnn4 protein, the Val-296 is replaced by
Ser and Glu-304 by Lys (see Fig. 2). This might potentially
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67 %) Glyma.13G199500.1
Glyma.15G237800.1
Phvul.011G209200.1 PvAnn2
Medtr8g038220.2 MtAnn2
@ Psat4g191040.1 PsAnn2
1j0g3v0363079.1
Lj0g3v0261959.1
Glyma.11G153800.1
Phvul.005G030100.1 PvAnn4

Medtr3g018780.1 MtAnn4
i
Glyma: 99800.
Glyma.15G238200.1
Phvul.011G209300.1 PvAnn1
1j0g3v0203419.1
Medtr8g038210.1 MtAnn1

@ Psat4g147120.1 PsAnnla
@ Psat4g191080.1 PsAnnlb

@ Psat4g147000.1 PsAnn14
Glyma.04G140900.1
Phvul.005G030200.1 PvAnné
Lj0g3v0261939.1

@ Psat5g217920.1 PsAnn6
Medtr3g018790.1 MtAnn6
00 o= Medtr3g018920.1 MtAnn15
57%,—zGorai.0116212700.1
|0—‘Gorai.01 1G212900.1
At5G12380.1 AtAnn8
Gorai.009G077400.1
Medtr2g031980.1 MtAnn9
@ Psat1g164360.1 PsAnn9
Phvul.006G123400.1 PvAnn9
Glyma.09G029600.1
Glyma.15G135400.1

68% Medtr59063670.1 MtAnn8
Glyma.T3G088700.
Lj0g3v0166899.1

68%

Phvul.008G173100.1 PvAnn8
Gorai.009G237900.1
At1G35720.1 AtAnn1

68% 57— Gorai.007G060900.1
01 |TGDrai.007G239000,1

77%

X Glyma.08G136200.1

Phvul.002G255700.1 PvAnn12
Lj4g3v2823370.1

@ Psat7g054960.1 PsAnn12
Medtr0276s0050.1 MtAnn12
X74947 MsAnn
Medtr89038150.1 MtAnn3
@ Psat4g146920.1 PsAnn3
1j0g3v0203449.1
Phvul.011G209500.1 PvAnn3
Glyma.13G200100.1
Glyma.15G238500.1
Gorai.009G295800.1
At2G38760.1 AtAnn3
Gorai.009G295900.1
Gorai.009G296000.1

— At2G38750.1 AtAnn4
Medtr8g038170.1 MtAnn11
@ Psat4g146960.1 PsAnn11
1j0g3v0203439.1
Phvul.011G209400.1 PvAnn11
Glyma.13G200000.1
Glyma.15G238400.1
Glyma.13G191200.1
Phvul.004G052200.1 PvAnn13
Medtr69028030.1 MtAnn13
@ Psat1g094800.1 PsAnn13
Gorai.013G194300.1
Gorai.005G219600.1
1j2g3v0062280.1
Lj593v0768290.1
Medtr1g033560.1 MtAnn10
@ Psat6g095440.1 PsAnn10
Phvul.003G013700.1 PvAnn10
Glyma.20G011800.1
Glyma.07g28080
At1G68090.1 AtAnn5
Gorai.009G329000.1
Gorai.001G068900.1
Gorai.006G190800.1
Glyma.08G056500.1
Phvul.002G332200.1 PvAnn7
Lj4g3v3117410.1
Medtr8g107640.1 MtAnn7
@ Psat7g000680.1 PsAnn7
Glyma.07G106600.1
Glyma.09G171600.1
Phvul.004G146900.1 PvAnn5
Lj2g3v0636730.1
Lj4g3v2858470.1
Medtr6g071605.1 MtAnn17
Medtr6g071615.1 MtAnn18
Medtr1g112520.1 MtAnn16
@ Psat1g028960.1 PsAnn5
Medtr6g071595.2 MtAnn5
Y1134 MsAnn

Fig. 1. Phylogenetic tree of annexin sequences from legumes (P. sativum,
G. max, M. truncatula, and P. vulgaris) and non-legumes (A. thaliana, G. bar-
badense, and G. hirsutum).

The phylogenetic tree was generated with the maximume-likelihood method
using MEGAX with 1,000 bootstrap replicates. PsAnn4 and PsAnn8 are indi-
cated in boxes. The annexin sequences from P. sativum are indicated with blue
circles.
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obstruct the binding of the calcium ion, as was shown in our
modeling (see Fig. 3, g). Although we cannot rule out that this
might be due to low homology between PsAnn4 and GhAnn1,
which was used as a template in the modeling, the results sug-
gest the potential difference in Ca2* binding between PsAnn4
and PsAnn8 proteins.

Comparative analysis of protein patterns

in wild-type and non-nodulating pea mutant

To verify whether the stimulation of synthesis of PsAnn4 and
PsAnn8 proteins depends on Nod factor perception, the pro-
tein patterns were analyzed in wild-type pea cv. Frisson and
a P56 mutant with a defective sym10 gene (which encodes a
putative Nod factor receptor) (Madsen et al., 2003).

Two-dimensional differential in-gel electrophoresis-based
proteomics was used to characterize the pattern of protein
distribution (Fig. 4). Two spots corresponding to the location
of the previously characterized annexins (Leppyanen et al.,
2018) were excised from the gel. Mass spectrometric analysis
confirmed their identity to annexins Psat5g217440 (PsAnn4)
and Psat2g074960 (PsAnn8). Enhanced level of PsAnn4 was
found in the inoculated roots of wild type pea plants (cv. Fris-
son) compared to the inoculated P56 mutant roots.

The amount of PSAnN8 protein was also slightly higher in
response to inoculation in the wild type than in the P56 mutant,
but not as essential as for PsAnn4. In accordance with this,
low amounts of PsAnn4 and PsAnn8 proteins were found in
the roots of the P56 mutant and didn’t change in response to
inoculation. This suggests that the up-regulation of both an-
nexins may depend on Nod factor recognition in pea plants
and may be connected with the functioning of these annexin
during symbiotic interaction of plants with rhizobia at early
stages. Since the increase in the amount of PSAnn4 protein
was more significant in response to inoculation, we focused
on this annexin in our next experiments.

PsAnn4 expression pattern in response to rhizobial
inoculation and treatment with CaZ* inhibitors
The PsAnn4 expression pattern in response to rhizobial ino-
culation was analyzed in our experiments (Fig. 5, a). A quan-
titative RT-PCR analysis revealed that Rhizobium infection
enhanced the PsAnn4 gene expression at the early stages of
nodulation, starting from 1-3 days after inoculation up to
5 days after inoculation, but thereafter their transcript levels
did not significantly change upon nodule development (see
Fig. 5, a). In our experiments the expression of another an-
nexin gene, PsAnnla, the closest homolog of MtAnnl gene
was also analyzed (see Fig. 5, b). As it was expected, the
PsAnnla gene expression was primarily enhanced at the
early stages of symbiosis development and reached the high-
est levels in the nodules. Similar pattern had been previously
found for MtAnn1 (De Carvalho-Niebel et al., 1998, 2002).
Therefore, up-regulation of PsAnn4 expression may be related
to the early stages of nodulation. The upregulation of the
PsAnn4 transcription level was not as significant as it was
at the protein level, which implies that the regulation of this
annexin can be mainly achieved at the post-transcriptional
and translational level.

To verify the influence of calcium inhibitors on the regula-
tion of PsAnn4 gene, its expression level was estimated after

FEHETUKA PACTEHUI / PLANT GENETICS 507



O.A. Pavlova, I.V. Leppyanen Phylogenetic and structural analysis

D.V. Kustova, A.D. Bovin, E.A. Dolgikh of annexins in pea
1 103
MtAnnl (1) ~-MATLVVQDSTA-SVQDAELLHKSFEGRETDEKTVITI LGHRNSNOIQOT RKAYEGT YNEDLIKRLESETIKG==mmmmmmmm DFEKAVYRWILEPAERDAVL
MtAnn2 (1) --MATLIAPINHS-PVADARALHGAFKGWGTDEKSVITILGHRNYYQRQQTRKSYQEIYQEDILKRLESELSG--= DFERAVYRWMLEPADRDAVL
PvAnnl (1) --MATLIAPSNHS-PQEDAEALRKSFEGWGTDENTITATLGHRTVHQORQOTRRAYEEI YQEDLVKRLESEIKG=—— DFEKAVYRWILEPADRDATL
PvANn2 (1) --MATLIAPITFS-PGADAEDLHKAFKGWGTDEKTVIAILGHRNVYQRQOTRKIYEEIYQRELLKRLESELTG=== DFERSVYRWMLEPADRDAVL
PsAnnla (1) --MATLIAPSNHS-POEDAESLRKAFEGHGTDERTVITILGHRNSHOIQOIRKAYEEIYQEDLIKRLESELKG= DFEKAVYRWILEPADRDAVL
PsAnnlb (1) ~-MATLIAPSNHS-POEDAESLRKAFEGHGTDERTVITILGHRNSHQIQQIRRAYEEIYQEDLIKRLESELKG= DFEKAVYRWILEPADRDAVL
PsAnn2 (1) --MATRIAPTNHS-PLADAFALHKAFKGWGTDEKSVITILGHRSVYQRQQTRKTYQETYQEDLLKRLESEISG==~ DFERAVYRWMLEPADRDAVL
PsAnn3 (1) --MASLKLPEVVESPT(QDSERLRNAFQGIGTDEKELTLVLGHRNAQORKETRETYH)I YKESLVDSLOSELSG=== DFRNATVLWTCDESERDAKL
PsAnn4 (1) --MATIVAPSQIS-PVEDAEALRLAFKGHG!DNKATIATLGHRNVHQRQQTRKAYDELFEEDLLKRLESE] SG-—=-=——-—— DFERAVYRWILEPADRDAVL
PsAnn5 (1) ~-MATLILPPIPPSPRDDAMQLYRAFKGEGCDTTAVINILAHRDAAQRAYLOHEYKATYSEELSKRLYSELSG==mmmmmmmm KLETAVLLWLHDPAGRDAET
PsAnn6 (1) --MASLMAPSKHS-PVEDAEALQRAVKGNGADEKAIIAILGHRNGTQRTQIRQAYYDLYQEDLIKRLESELSG--- DFERAMYRWILEPAEREALL
PsAnn7 (1) --MSTLVLPPVPPSPKDDATELHRAFKGFGCOTGAVINI LAHRDAAQRAYLUQEYRAI YYEDLIKRLASELSG=~~ NAVLLWMADPAGRDAVI
PsAnn8 (1) ~--MSTLTVPHPLEPVSDDVEQLRKAFSGNGTNEDLIISILGHRNGSQRKAIREGYAQTYGEDLLKALDKELTS- DFERLVHLWALESAERDAFL
PsAnn9 (1) --MASLIDAKDFS-PIEDAETIMNACKGEGTNETVLISILANRNAAQRKLVRLAYQEVYHODLIELLESELSG- NFERAICLWTMDPAEREATL
PsAnnl10 (1) --MTTLTIPBTIFSPREDAMKLHKAFKGLGCDTTRVIQILAHRNSEQRSLICQEYETTYSEPLSKRLSSEIRG-~~——————~ HLEKALLLWLHDPPTRDAKI
PsAnnll (1) =mmmmmmm——— MAFN(ELEAITOAFSGHGVDEKSLATILGHWD PVERETYRKNT SNEFVEDHERK FOKWNDHHVRLLKHEFVEFENAVVLWSMH EWERDARL
PsAnn12 (1) --MATLKIPSHVPHPSEDSEQLRGAFQGWGTNEGLIISILAHRNASQRKAIRETYAYTHGEDLLKDLDKELSS-----———— DEEKAVLLATLDPAERDAFL
PsAnnl3 (1) MATTNILTMMTNNNFELDCKKIHDSLSGL--SLSQLIPSLESLTILERKQLRETYKEVYGEDLINGLY FSSMKFSTLSLWMLCPHDRDAFT
PsAnnl4 (1) --MATLVAPEHFT-PEDDAIVLYKAVKGRGTDESAT TATMGHRNATORQQIRQIYEDMYEEDLIKRLESELSG========= NFEKAMYRWILEPSDCYAVL

Repeat |
104 206
MtAnnl  (91)  ANVAIKSG-KN YNVIVEISAVLS PEELLNVRRAYVKRYKHSLEEDLAAHT S-GHLROLLVGL
MtAnn2  (91)  ANVAIKDGSKS YHVIIEIVSVLS PEEVLAMRRAYHNRYKHSLEEDLAAHTT-GHLROLLVGL
PvAnnl  (91)  ANVAIKSG-KN YNVIVEIATINSPEELLAVRRAYLHRYKHSLEEDLAAHTT-GPLROLLVGL
PvAnn2  (91)  ANVAIKSGSKG YHVIVEIACVLS SEELLAARRAYHNRYKRSLEEDVATHTS-GDLROLLVGL
PsAnnla (91) ANVALKSG-KN ¥YNVVVEIASILSPEELFNVRRAY IKRYKHSLEEDLATHTS-GHLROLLVGL
PsAnnlb  (91) AHVALKSE-KN YNVVVEIASILSPEELFNVERAY IKRYKHSLEEDLATHTS-GHLRQLLVGL
PsAnn2  (91) ANVAIKDGSKG YPVIIEIVSVLSPEEVLALRRAYHNRYKHSLEEDVAAHTT-GHLRQLLVGL
PsAnn3  (92) ARDALKAKEKG IKQLQILVE I ACATSPNHLMAVROTYCALYDCSLEEDIIASYVS-PPLTKILVGL
PsAnn4  (91) INVATKHGGKD TASVLSAEELLAVRRAYRNRYKRS IEEDVSANTT-GHLROLLVGL
PsAnn5  (92)  IFQSLIVI- EVICSRTPEQLOHLKOLYHSKFGYY LEHETEANTS-GDLOK TLLKY
PsAnn6  (91)  ANIALKNANMN YHVIVEISCVSSPDELE IVRRAYHNRYKRSMEEDVATNTT-GHLRQLLVGL
PsAnn7  (92) INQSLIVI--- KILDAATEVICSRTPAQLQYLROIYHAKFGDFVDHDIERNTS-GDHKKILLAY
PsAnn8  (92) ANEATKKWTIS NQVLVETACTRSSDOLFSAKKAYHVLYKKS LEEDVAHHTT-GDYRKLLLPL
PsAnn9  (91) INEALKKATED YKVIIEIACTKNSEELLAVKRSYQSLYKHSLEEDVASQTI-GDIRKLLVAV
PsAnnl0  (92) THSALIS V-- VDNQATTET ICSRTPSQLRRLKEVYLSNY HSPLERDIENQT S -GDHKK LLLGY
PsAnnll  (92) AFEALKKGE 5 YNVLIEIACTRSSEELLGARKAYHSLFUHS IEEDVASHIH-GIDRKLLVAL
PsAnnl2  (92) ANQATKMLT NNAITMEIASTRSPLELLKETLDPAERDAFLANQATKMLTSNNAIIMEIASTRSPLELLKAKSAYQSRFKKSLEEDVAYHTS-GDIRKLLVEL
PsAnnl3  (97) AEALLQUEIN FKALVEVEVGRH S5HVGLITOAY LKMFRROLDODIMNLDFPPHPF QK T LMAL
PsAnnl4  (91)  ANVALEN/SED YHVIVEIASVLKPEELVNVRRAYQYRFHHSLEEHVARHT SSGYFROFLVGL
Repeat Il

207 309

MtAnnl (151) VTAFRYVGDEINPKLAQTEMGILHESVK---EKKGSHEE-ATRILTTRSKTOLIATFNRYRETHGTSITKKLLDEGSDEFQKALYTTIRS FNDHVKY YEKVVR
MtAnn2 (152) VISFRYGGAEINPKLAKTEADI LHESIK~--EKKGNHEE-ATRILTTRSKTOLLATFNRYRDDHGI SITEKLLDNASDDFHKALHTTIRCINDHKKYYEKILR
PvAnnl (151) VISFRYVGDEINPKLAQNEREI LHDAVE~~~EKKSSYEE-ATRVLTTRSKTOLVATFNRYREIHGGS ISKKLVDEGSDDFEKALHTTIRE INDHEFKY YEKVVE
PvAnn2 (152) VTSYRYGGDEINARLAKTEADILHSSIK=---EKKGNHEE-AIRILTTRSKTQLLATFNRYRDDHGT S ITKKLLDDASDDFREALHTAIRCTNDHKKY YEKVLR
PsAnnla (151) VTAFRYVG DDVNARLF\QSE.-";DIL]iEAW{---E}_{K_G_SQEE-AVRI LTTRSKAQLIATFNRYRETHGTS ITKKLLEEGSDDFQRALYTTIRS FNDHVEY YEKVVER
PsAnnlb (151) VTAFRYVGDDVNARLAQSEADILHEAVE---EKKGSQEE-AVRILTTRSKAQLIATFNRYRETHGTS ITKKLLDEGSDDFQKALYTTIRS FNDHVKY YEKVVR
PsAnn2 (152) VSSFRYGGDEINPKLAKTEADI LHESIK---EKKGNYEE-AIRILTTRSKTQLLBTF‘NRYKDDHGTS ITKKLLDNASDDFHKALHTAIRCISDHKKYYEKVLR
PsAnn3 (156)  VSSYRHDKVIVNSEVAKSEAEKLHEAIK---NKQLEDDH-VVWILCTRNFFQLRETFTCYKOLYNNTFEEDIKVCGRGDLASLLNVVVHCT DR PEKHFAKVIR
PsAnn4 (152) VSSFRYEGDEINPKLAQSEAHIIHESLK---EKKGNNEEEVIRILTTRSKTQLVATENRYRDEHGVSVSKKLLDOTSDDFHKALHTATIRSINDHKKY YEKVLR
PsAnn5 (152)  ISTPRHEGPEVNREVAQHDAKVLFKAGE---KKLGTDEKTFVOIFSERSSVHLAAVSSYYHDMYGHSLEKAVENEASGNFGLALLT ITECANNPAKY FAKVLY
PsAnn6 (152)  VSSFRYGGSEVNARLAESEADILHEAIK---NKNHNHEE-VIRILTTRSKTQLVATFNCYRHDHGIAITKKLLDEGSDDFHKALRIATSCINDHKKY YEKVLR
PsAnn7 (152) LNTPRHEGPETNRDMAENDAVALYHAGE---KKLGTDEKIFVOIFSGHSARQLARINQCYNTKYGHSLEKAIKNETSGHFAHALSTIVOCAENPARY FAKVLR
PsAnn8 (153) VSCHRYEGDEVNLTIAKAEAKILHEK ~KKAYNDDD-LIRILATRSKAQVNATLNHYKDAFGKDINKDLKEDPK DEFLELLRSTVKCLTEPEKYFAKIIR
PsAnn9 (152) ISTYKYDGEEFDENVAHSEANILHQLIE---RKAFNDDE-MIRILSTRSKKQLSVTFNIFKDLFGTTINKGLLASTTDEYIGALRTIVRCINDEQRYLAKVLC
PsAnnl0 (153) ITTPRYEGPEFDHLMVEEDAKQLYKSGE---KKIGTDEKTFIRIFTERSTTHLAAVSSAYTASFGNSLDKAIKSETSGEFMRGLLTILRCATDSNMY FAKLLR
PsAnnll (153) VSAYRYEGSKEVKDDTAKSEAKTLANAT HNDQKKP}_:I'EDDE‘.VIRIL,—'\TRSKLJE}..QAI SKHYKEISGKNLEEDLNDLR====FKET===VOCLCTPQVYFSKVLD
PsAnnl2 (194)  VGTFRYEGDEVNMTLAKSEAKLLHDK IA---DKAYNHED-LIRIVITRSKAQLNATLNHYNNAFGNVIDKDLETGSEDEYLKLLKARIKCLTYPEKYFEELLR
PsAnnl13 (159)  sSASHKAHQVDISHHISKCDARRLYESGER--SLGAIDEAVVLETLSKRSIQOLKLTFLSYKHIYGHDYTKS IKRGHYGOFGKALMVVVKCICHORHY YAKGLY
PsAnnl4 (153) VSSFRYDGDYIHPSLAKYEAEILHEAI(---NKNGNLDE-VIRILTTRSKKQLKATFNRYRDDHGYSISKRLLNEESDDFLKAAHVATRCIDDHKKY YEKVLR

Repeat Il

310 384
MtAnnl (250) DAIKKVGID--EDALTRVIVSRAQHDLKVISDVYYKRNSVL-LEHVVAKETSGDYKKFLLTLLGKEE========
MtAnn2 (251) GALKRVGTD—EDGLTRVVVTRAEKDLKDIKELYYKRNSVH-LEDAVAKEISGDYKKFILTLLGKOD=
PvAnnl (250) NAIKKVGTD—EDALTRVVVSRAEKDLKTVEEVYYKRENSVL-LEHAIAKEISGDYKKFLLTLLGKED=======m
PvAnn2 (251) NAMKEVGTD——EDALTRVVVSRAEKDLRNIAEIYYKRNSVH-LEDAVAKEISGDYKKFILTLLGKDV-—mmm==m
PsAnnla (250) DAVKKVGTD—EDALTRVIVSRAQHDLKAISDVYHKRNSVP-FEHVVAKETSGDYKKLLLTLLGUED- -
PsAnnlb (250) DAVERIGTD—-EDALTRVIVSRAQOHDLKAISDVYHKRNSVP-LEHVVAKETSGDYKKLLLTLLGUED- --
PsAnn2 (251) SALKRIGTD—-EDGLTRVVVTRAEKDLKDIKEVYYKRNSVH-LEDAIAKEISGDYKKFILTLLGK——————====
PsAnn3 (255) DSIVGIGTD--EDSLNRGIVIRAEIDLLKVRFEYANMFKTN-LDDDVIGDTSGDYKEFLLTLLGKGPKGD-
PsAnnd (252) NAIKEFGTD—EDALSRVIVTRAEKDLKDIKELYYKRNSVH-LEDAVSKETSGDYRKFILALLGKOE===~====
PsAnn5 (252) KAMKGMGTN--DDTLIRVIVSRTEIDMOYIKAEYSKKYKKT-LNDAVESETSGNYRAFLLALLGPNH=
PsAnn6é (251) NAMEIVGTD—-EDALTRVIVIRAEKDLEDIKKVYYKRNSVH-LEHAVAKETSGDYKKFLLTLMAKEE=
PsAnn7 (252) KSMKGLGTD——DTKLIRVIVTRCEIDLHYIKAEYLKKYKKT-LNDAVHSETSGUYRTIFLLTLLGSNG-
PsAnn8 (252) LSINRRGID—EGALTRVVATRAEIDLKIVGDEYORRUSVP-LDRAIVKDTTGDYEKMLLAILGHDDA-----—-
PsAnn® (251) NATNELVNE—DDALNRVIVIRAEKDLKEIKDHFLKRNNTS=-IHDSVORETWGNYKTFLLHLLGKE======n==
PsAnnl0 (253)  KSMKGIGTD——DHRLIRVIVTRTEIDMVHIKALYYSOYGKP-LTHAVRSDTSGHYEDFLIHLLGI DY~
PsAnnll (249) ASLKIBVDKNVKKSLTRVIITRADVDMKDIKTEY(KLYGVS-LPQKIEETAKGNYKDFLLTLIARGG-
PsAnn12 (293)  LAINKMGTD—ELALTRVVITRAEVDLORTAEEYORRNSVP-LDRATDNDTSGDYOKILLALLGRED==rrmm==
PsAnn13 (260) TSIKKG--RRDICTLARVLVSRADIDMDEIRSVEKEKYEKELGDVICESIPCGDYRDOFLVALATKS---SYIFTN
PsAnnl4 (252) GALEKRIGTD—-EDELTRVVVTRAEKDLKDIKELYYHRNSVR-LEDAVASEISGDYKRFLVTLIGREY---=-===

Repeat IV

Fig. 2. Multiple sequence alignment of the amino acid sequences of 15 presumable P. sativum annexins, 2 M. truncatula annexins (MtAnn1,
MtAnn2), and 2 P. vulgaris annexins (PvAnn1, PvAnn2) by ClustalQ.

Four annexin repeats are underlined. Yellow highlights indicate potential calcium-binding motifs. In the calcium-binding motif of the first annexin re-
peat, the conservative tryptophan (W) necessary for binding to the membrane is indicated in gray. Important for calcium binding amino acid residues
in the calcium-binding site of the type Il (repeat I, Phe-23, Gly-25, Gly-27, and Glu-67) as well as in the calcium-binding site of the type IIl (repeat IV,
lle-254, Lys-256, Gly-258, and Val-296, Thr-299, Glu-304) are indicated in bold and underlined. P. sativum annexins PsAnn4 and PsAnn8 are marked in red.
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Fig. 3. Modeling of the three-dimensional structures of PsAnn4 (a) and PsAnn8 (b) using the crystal structure of G. hirsutum annexin (GhAnn1, PDB code
3BRX) as a template and their binding with calcium ions in the first (¢, d) and fourth repeats (e, f, g).

The 3D structures of PsAnn4 and PsAnn8 proteins indicated the coordination of calcium ions in the first (¢, d) and fourth (e, f, g) annexin repeats.

" . -
PsAnn4 - PsAnnd =

pH 10.0 < pH3.0 pH100 < pH 3.0

Fig. 4. Comparative analysis of protein patterns in wild-type pea plant and P56 mutant with an impaired sym10 gene using two-dimen-
sional differential gel electrophoresis 1 day after inoculation (1 dai).

The protein extract from wild type pea roots inoculated with R. leguminosarum bv. viciae RCAM1026 was labelled with Cy2 (red) and protein
extract from inoculated roots of P56 mutant was labelled with Cy5 (green) (a) and conversely the extract from inoculated wild type roots was
labelled with Cy5 (green) and protein extract from inoculated roots of P56 mutant was labelled with Cy2 (red) (b).

PsAnnla

Relative expression

NI-1 N5 1dpi 3dpi 5dpi 7dpi 9dpi 11dpi 14dpi 21 dpi NI-1 N5 1dpi 3dpi 5dpi 7dpi 9dpi 11dpi 14dpi 21 dpi

Fig. 5. Quantitative RT-PCR analysis of PsAnn4 (a) and PsAnn1b (b) expression in pea roots upon nodulation. mRNA levels were normalized against
Ubiquitin and values were calculated as ratios relative to non-inoculated root (NI) expression levels.

The data of three independent biological experiments were analyzed. Bars represent the mean +SEM of two biological replicates. Asterisks indicate significant
differences compared to non-inoculated roots, based on Student’s t-test and p-value less than 0.001 is flagged with three asterisks (***).
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Fig. 6. PsAnn4, PsEnod5, and PsNIN expression levels in pea roots after
inoculation (1 dai) with R. leguminosarum bv. viciae RCAM1026 (RIv) and
after treatment with the CaZ+ channel blocker LaClz (Rlv+LaClz). mRNA
levels were normalized against Ubiquitin and values were calculated as
ratios relative to non-inoculated root expression levels (NI).

The data of three independent biological experiments were analyzed. Bars
represent the mean + SEM. Asterisks indicate significant differences between
treated (RIv+LaCls) and non-treated (RIv) roots, based on Student’s t-test and
p-values less than 0.001 and 0.01 are flagged with three (***) and two (**) as-
terisks, respectively.

plant treatment with the Ca?* channel blocker LaClj (Fig. 6).
Two previously described as symbiosis-specific genes PSNIN
and PsEnod5 were also used in our experiments as a control
for effective inoculation. In pea roots, the upregulation of
PsAnn4 expression in response to inoculation was revealed
in 1 dai, corresponding with experiments on the dynamics of
this gene expression upon nodulation. The significant decrease
in the expression of PsAnn4 was found in our experiments in
the presence of LaCl,. Down-regulation of symbiosis-specific
genes PsEnod5 and PsNIN was also observed, which indicated
the importance of Ca?* influx for their regulation. Therefore,
the influx of calcium ions into the cell, which is observed at
the early stages of symbiosis development, may affect the
expression level of PsAnn4 in pea roots (see Fig. 6).

Subcellular localization of pea PsAnn4 annexin

To follow the PsAnn4 protein localization in plant cells, it
was fused to the fluorophores such as red fluorescent protein
(RFP) and yellow fluorescent protein (YFP) at the C-terminus
and expressed under the transcriptional regulation of the 35S
promoter in N. benthamiana leaves by infiltration with A. tu-
mefaciens (Fig. 7, a, b). The infiltration of constructs for the
synthesis of proteins fused with RFP and YFP allowed us to
visualize the protein in leaf tissues after transformation. In the
cells of N. benthamiana leaves, PsAnn4 protein was localized
in the plasma membrane or in the cell wall. In addition, we also
estimated the presence of PsAnn4 in different cell fractions
by Western-blot hybridization using anti-YFP or anti-RFP
antibodies. PsAnn4-YFP was found in insoluble fraction of
leaf tissue pelleted at 36000 g (see Fig. 7, ¢). It suggests that
PsAnn4 may be involved in cell wall or membrane modifica-
tion as well as in ion transport.
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Fig. 7. Localization of PsAnn4 fused to red fluorescent protein (RFP) (a)
and yellow fluorescent protein (YFP) (b) at the C-terminus under the tran-
scriptional regulation of the 35S promoter in N. benthamiana leaves by in-
filtration with A. tumefaciens LBA4404. Scale bars are 200 pm. Immuno-
blot analysis of different cell fractions obtained from the N. benthamiana
leaves after infiltration of PsAnn4-YFP with A. tumefaciens LBA4404 (c).

IS-1 - insoluble fraction was pelleted at 36 000 g; IS-2 — insoluble fraction was
pelleted at 100000 g; S - soluble fraction at 100000 g; MW - molecular weight
marker.

Discussion

Available pea genome information (Kreplak et al., 2019) al-
lowed us to determine the composition of the annexin gene
family in this legume. Database searches revealed 15 annexin
genes in P. sativum L., 18 in M. truncatula as well as 13 in
both P. vulgaris and L. japonicus. Based on the phylogenetic
analysis of these annexins, close homologs can be identified
among these legume species (see Fig. 1).

At present, only one pea annexin, p35, has been functional-
ly characterized (Clark et al., 1992). The localization of this
annexin in root cells involved in active secretion suggests its
function in exocytosis. Subsequently, the use of antibodies
against this protein revealed its localization in epidermal
cells of the leaf and stem (Clark et al., 1998, 2000). However,
annexins involved in nodulation have not been characterized
in P. sativum. In contrast, in M. truncatula, two annexins,
MtAnn1 (Medtr8g038210) and MtAnn2 (Medtr8g038220),
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demonstrated a high level of expression during nodulation
and were found to be involved in controlling bacterial infec-
tion and nodule organogenesis (De Carvalho-Niebel et al.,
1998, 2002; Manthey et al., 2004; Breakspear et al., 2014).
Another annexin, MtAnn3 (Medtr4g097180), was found to be
important for root hair deformations in M. truncatula (Gong
etal., 2012). At the same time, close homologs of MtAnnl —
PvAnn1 (Phvul.011g209300) and LjAnn1 (LjO0g3v0203419),
which belong to the same phylogenetic group as MtAnn1, play
important roles in the symbiotic process in P. vulgaris and
L. japonicus (Wienkoop, Saalbach, 2003; Jauregui-Zufiiga et
al., 2016; Carrasco-Castilla et al., 2018).

In our earlier work, two annexins activated at the early
stages of symbiosis development in pea were found using the
proteomics approach (Leppyanen et al., 2018). This approach
might be helpful for the identification of new regulators of
signal transduction pathways at the initial stages of nodulation
in pea. Our present analysis revealed that these two identi-
fied annexins of pea belong to different phylogenetic groups,
defined as homologs of MtAnn4, PvAnn4 and MtAnn§,
PvANn8, respectively. Although PsAnn4, and MtAnn4 and
PvAnn4 have high levels of homology with MtAnnl and
PvAnn1, they belong to another group of annexins based
on phylogenetic analysis. PsAnn8 belongs to a less studied
phylogenetic group. Therefore, two previously unknown an-
nexins were identified in our study. In addition to stimulation
during rhizobial inoculation, the dependence of PsAnn4 and
PsAnnS activation on the LysM-receptor-like kinase SYM 10,
encoding a putative Nod factor receptor, was revealed in the
present study (see Fig. 4), which suggested that rhizobial
signaling molecules Nod factors may be important for their
activation. It also suggests the participation of these two
annexins in the development of the symbiotic interaction of
plants with rhizobia.

Phylogenetic analysis and prediction of the overall 3D
structure of PsAnn4 and PsAnng proteins showed differences
in the Ca2*-binding motif in the fourth annexin repeat of these
proteins, and therefore, in the potential ability to bind calcium
ions. This can potentially influence the binding of these an-
nexins to phospholipids by means of a calcium bridge mecha-
nism. It was predicted that three calcium ions were coordinated
in the first and fourth repeats, which is consistent with the data
of the canonical binding of the G. hirsutum annexin GhAnn1
and animal annexins to the phospholipids of membranes
using the mechanism of calcium bridges (Hu et al., 2008). In
the predicted structures of Arabidopsis annexins (AtAnnl,
AtAnn3, and AtAnn4), the canonicity of the Ca2*-binding
motif in the first repeat and the presence of modified motifs
in the fourth repeats of AtAnn1 and AtAnn3 were also shown,
while AtAnn4 had no recognizable Ca%* — or phospholipid-
binding motifs (Konopka-Postupolska, Clark, 2017).

Since the level of PsAnn4 synthesis in response to inocula-
tion was more significant in the roots of wild type pea plants
compared with mutant defective in symbiosis, we carried out
the analysis of this annexin in more detail. It was shown that
the regulation of PsAnn4 annexin in pea could be achieved
at the transcriptional level as well as post-transcriptional
and translational levels, probably. Significant activation of
MtANnn1 and MtAnn2 gene expression level was found in the
roots of M. truncatula treated with Nod factors or inoculated
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with rhizobia (De Carvalho-Niebel et al., 1998, 2002; Man-
they et al., 2004; Breakspear et al., 2014). Meanwhile, the
expression of PvAnnl in P. vulgaris was slightly upregulated
in developing nodules (Carrasco-Castilla et al., 2018). How-
ever, a phosphoproteomic approach revealed that PvAnnl was
a phosphorylated protein with enhanced levels of synthesis
during nodulation (Jauregui-ZUfiga et al., 2016). Hence, the
regulation of annexins involved in nodulation might be dif-
ferent and is probably connected with different functions that
annexins fulfil in this process.

Localization of annexins might differ depending on their
function. Some annexins show cytoplasmic and nuclear lo-
calization, while other annexins are associated with various
plant membranes, including the plasma membrane, endoplas-
mic reticulum, and nuclear membrane (Laohavisit, Davies,
2011; Clark et al., 2012; Davies, 2014). Some annexins may
be embedded in the membrane in the form of monomers or
oligomers. One of the distinctive characteristics of annexins
is their ability to change their cellular localization in response
to various stimuli. In our experiments, the localization of
annexin 4 (PsAnn4) in the cell wall or plasma membrane
was shown, suggesting the participation of this annexin in
processes associated either with membrane modification or
ion transport at the early stages of symbiosis establishment in
pea. Similarly, the localization of the other annexin, MtAnn2,
involved in nodulation in M. truncatula, was revealed to be
associated with the plasma membrane, particularly with lipid
rafts from root plasma membrane preparations (Lefebvre et
al., 2007). In addition, the annexin PvAnn1 is essential for
ROS-dependent regulation of Ca?* influx into the cells of
P. vulgaris, which strongly suggests the localization of this
protein in the plasma membrane. Therefore, specific subcel-
lular localization of annexins might be associated with their
function signal transduction at the early stages of symbiosis.

Conclusion

In this study, phylogenetic analysis of the pea annexins
PsAnn4 and PsAnn8 was performed based on their homology
with annexins from other legumes. The modeling approach
allowed us to estimate the structural features of these annexins
that might influence their functional activity. To verify the
functions of these annexins, we performed comparative pro-
teomic analysis, experiments with calcium influx inhibitors,
and localization of labeled proteins. Essential down-regulation
of PsAnn4 synthesis in a non-nodulating pea mutant P56
(sym10) suggests an involvement of this annexin in the rhizo-
bial symbiosis. The localization of PsAnn4 in the cell wall or
plasma membrane of plant cells may indicate its participation
in membrane modification or ion transport.
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Abstract. Tomato (Lycopersicon esculentum Mill.) is an economically important and widely cultivated vegetable
crop that is consumed both fresh and processed. The nutritional value of tomato fruits is related to the content
of carotenoids, polyphenols, sugars, organic acids, minerals and vitamins. Currently, there is a growing interest
in the qualitative and quantitative increase in the content of health-promoting compounds in tomato fruits. VIR
Lycopersicon (Tourn.) Mill. genetic resources collection includes 7678 accessions of one cultivated and nine wild
species, which in turn provides ample opportunities for searching for information on the variability of the con-
tent of biologically active substances and searching for sources with a high content of them in the gene pool.
Our work presents the results of the study of 70 accessions of cultivated and wild tomato on the main biochemi-
cal characteristics: the content of dry matter, ascorbic acid, sugars, carotenoids, chlorophylls and anthocyanins.
As the basis for the selection of accessions for the study, accessions with various colors of fruits, including new
accessions with varying content of anthocyanin, were taken. As a result of this study, the amplitude of variabili-
ty in the content of dry matter (3.72-8.88 and 9.62-11.33 %), sugars (1.50-5.65 and 2.20-2.70 %), ascorbic acid
(12.40-35.56 and 23.62- 28.14 mg/100 g), titratable acidity (0.14-0.46 and 0.33-0.48 %), chlorophylls (0.14-5.11
and 2.95-4.57 mg/100 g), carotenoids (0.97-99.86 and 1.03-10.06 mg/100 g) and anthocyanins (3.00-588.86 and
84.31-152.71 mg/100 g) in the fruits of cultivated and wild tomatoes, respectively, was determined. We have de-
termined correlations between the content of dry matter and monosaccharides (r = 0.40, p < 0.05), total sugars
(r=0.37, p < 0.05) and ascorbic acid (r = 0.32, p < 0.05); the content of ascorbic acid and carotenoids (r = 0.25,
p < 0.05). A high dependence of the content of chlorophyll a and b among themselves (r = 0.89, p < 0.05), as well
as between the content of chlorophyll b and anthocyanins (r = 0.47, p < 0.05), the content of 3-carotene (r = 0.26,
p < 0.05) and the content of monosaccharides (r = -0.29, p < 0.05) has been noted. We have identified tomato ac-
cessions with a high content of individual chemical substances, as well as with a complex of traits that can be used
as sources in breeding for a high content of dry matter, sugars, ascorbic acid, pigments and anthocyanins.

Key words: tomato; fruit color; biochemical compounds; pigments; anthocyanins.
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BuoxmmMnueckuii COCTas IIJIOAOB TOMAaTa pa3IMuYHO OKPACKN

A.B. Kypuna ®, A.E. CoaoBbesa, V.A. Xpamaaosa, A.M. AprembeBa

DepiepanbHblii NCCNIEROBATENBCKNI LLIeHTP BCepoCcCMncknin MHCTUTYT reHeTUYeCKrX pecypcoB pacteHuii um. H./. Baunosa (BUP), CankT-MNeTepbypr, Poccus
® nastya_n11@mail.ru

AHHoTayus. Tomart (Lycopersicon esculentum Mill.) - SKOHOMMYECKM BaxKHaA U LIMPOKO BO3AeNblBaeMas OBOLLHAA
KynbTypa, NoTpebnaeTca Kak B CBEXeM, Tak 1 B nepepaboTtaHHoM Buge. MNuiesasn LeHHOCTb N0J0B TOMaTa CBA3a-
Ha C coflepKaHMeM B HUX KapOTUHOUAOB, NONMbEHONOB, PaCTBOPUMbBIX CaxapoB, OpraHNYecKrX K1CIoT, MUHepa-
OB 1 BUTaMMHOB. B HacToALLee BpeMA pacTeT MHTEPeC K Ka4eCTBEHHOMY U KONTMYeCTBEHHOMY YBeIMUYeHUNIo cofep-
»KaHWA nNonesHbIX ANA 3A0POBbA COeAVHEHMIN B Nnofax TomaTa. Konnekuua reHeTyecKnx pecypcos Lycopersicon
(Tourn.) Mill. Bcepoccuinckoro MHCTUTYTa FreHeTMYECKUX pecypcoB pacteHnin um. H.W. Basunosa (BVP) BkntouaeT
7678 06pa3LoB OAHOMO Ky/bTYPHOTO 1 AEBATU AVKNX BUAOB, YTO NPeLCTaBAAET LUMPOKME BOSMOXHOCTU /1A MOUC-
Ka cBefieHuin 06 N3MEHUMBOCTUN COfepKaHNA B1ONOrMYeCcKr akTUBHbIX BELLECTB 1 0T6opa B reHOPOHAE NCTOYHM-
KOB C BbICOKMM MX cofiepxaHunem. B Hawwell paboTe npmBefeHbl pesynbtaTthl M3yyeHna 70 06pasLoB KyabTypHOro
1 AUKOPACTYLLEro TomaTta no OCHOBHbIM OMOXMMMYECKM NPU3HaKaM — COAEPKaHMNI0 CYXOro BELLeCTBa, ackopou-
HOBOI KNCIIOTbI, CaXapoB, KAPOTMHOB, XJIOPOGUINOB 1 aHTOLMAHOB. [1nA n3yyeHus B3ATbl 06pasLbl C pasHoobpas-
HOW OKpacKoW NiofoB, BKMOYasA HOBble 06pa3Lbl C pa3fiMyHbIM COAepKaHMeM aHToLMaHa. B pesynbraTe nccnepo-
BaHWA onpefeneHa aMInTyaa N3MeHUMBOCTN COAepKaHuA Cyxumx BelwecTs (3.72-8.88 n 9.62-11.33 %), caxapos
(1.50-5.65 1 2.20-2.70 %), ackopbuHoBo Kncnotbl (12.40-35.56 1 23.62-28.14 mr/100 r), TUTPYEMOIN KMCNOTHOCTA
(0.14-0.46 1 0.33-0.48 %), xnopodunnos (0.14-5.11 n 2.95-4.57 mr/100 r), o6wMx KapoTrHoMAaos (0.97-99.86 n
1.03-10.06 mr/100 r) n aHToumaHoB (3.00-588.86 1 84.31-152.71 mr/100 r) B nnogax KynbTypHOro 1 fuKopacTyLie-
ro TomMmaTta cooTBeTcTBeHHO. OnpeaeneHbl KOPPENALMOHHbIE CBA3M MeXAY COAePKaHNeM CyXMX BeLlecTB N MOHO-
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caxapupos (r = 0.40, p < 0.05), cymmbl caxapos (r = 0.37, p < 0.05) n ackopbuHoBoi kucnotbl (r = 0.32, p < 0.05),
coflepKaHnem ackopbrHOBOW KMCNOTbI 1 KapoTuHongos (r = 0.25, p < 0.05). BbisiBneHa BblCOKas 3aBUCMMOCTb CO-
aepxaHusa xnopodunnos a n b mexgy coboii (r = 0.89, p < 0.05), a TakKe 3aBUCUMOCTb CPEAHEN CTENEHV MeXay
cofepkaHnem xnopodunna b n aHtoumnaHos (r = 0.47, p < 0.05), copepkaHrem -kapoTtuHa (r = 0.26, p < 0.05) n
cofep)kaHnem MoHocaxapuaos (r =-0.29, p < 0.05). BbigeneHbl 06pa3Libl TOMaTa C BbICOKMM COAepKaHeM OTaesb-
HbIX XVIMUYECKMX BeLLeCTB, a Tak»Ke Mo KOMMIEeKCy NMPr3HaKOB, KOTOPble MOTYT ObITb MCMONb30BaHbl B KayecTBe
VNCTOYHMKOB B CeleKLMUN Ha MOBbILLEHHOE COflepKaHne CyxXoro BelecTBa, CaxapoB, aCKOPOMHOBOW KNCNOTbI, NUT-

MEHTOB M aHTOLMaHOB.

KntoueBble cnoBa: Tomar; OKpackKa nnofos; 6roXUMUNYECKNE COeNHEHWNA; NNTMEHTbI; aHTOLAaHbI.

Introduction

The beneficial properties of vegetables are associated with
the presence of various compounds in them — phytochemi-
cals beneficial to human health. Vegetable crops are the main
source of natural antioxidants that have chemoprotective and
anti-cancer effects (Zanfini et al., 2010; Chandra, Ramalin-
gam, 2011).

Tomato (Lycopersicon esculentum Mill. = syn. Solanum
lycopersicum L.) is an economically important crop that ranks
first among vegetable crops in terms of cultivation area in
the world, and is consumed both fresh and processed. About
182.3 million tons of tomato fruits are grown on 4.85 million
hectares in the world annually (FAOSTAT, 2019). Asia ac-
counts for 61.1 % of world production, Europe, America and
Africa—13.5, 13.4 and 11.8 % of the total harvest, respectively.
Tomato consumption is concentrated in China, India, North
Africa, the Middle East, the USA and Brazil, where it ranges
from 61.9 to 198.9 kg per capita (FAOSTAT, 2019).

Tomato was introduced to Europe from Central and South-
west America in the 16th century. It was originally used as
an ornamental plant, and then gradually became an important
crop in human nutrition (Peralta, Spooner, 2007). As a result of
domestication in the world, several different groups of tomato
cultivars have been bred, differing in the size, shape and color
of'the fruits (Bhattarai et al., 2018). Much of the genetic varia-
tion was lost during domestication (Bai, Lindhout, 2007), and
selection for new productivity traits had a negative impact on
several other important traits, such as stress tolerance and fruit
quality (Tanksley, 2004; Gascuel et al., 2017).

The nutraceutical value of tomato fruits is explained by
the content of carotenoids, polyphenols, soluble sugars,
organic acids, minerals and vitamins, especially vitamin C
and E (Leiva-Brondo et al., 2012; Raiola et al., 2015; Marti
etal., 2016), as well as volatile compounds (Wang, Seymour,
2017). Their antioxidant capacity depends on both lipophilic
(carotenoids and vitamin E) and hydrophilic (vitamin C and
phenolic compounds) fractions (Ili¢ et al., 2009). Tomato
carotenoids are the main source of lycopene in the human
diet (Viuda-Martos et al., 2014). Anthocyanins are not usually
found in tomatoes, but flavonols (mainly quercetin, myricetin,
and kaempferol) and flavanones (naregenin) have been found
(Scarano et al., 2018). Bioactive compounds of tomato fruits
have a wide range of physiological properties, including anti-
inflammatory, antiallergenic, antimicrobial, vasodilating, anti-
thrombotic, cardioprotective and antioxidant effects (Marti
et al., 2016; Mozos et al., 2018). Epidemiological evidence
suggests that consumption of tomatoes and tomato products
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is associated with a reduced risk of prostate cancer and other
chronic diseases (Campbell et al., 2004; Zanfini et al., 2010;
Wei, Giovannucci, 2012; Friedman, 2013).

Currently, there is a growing interest in the qualitative and
quantitative increase in the content of healthy compounds
in tomato fruits in order to further increase the nutraceutical
potential of the crop. Modern biochemical research is aimed at
identifying and quantifying the components of plant materials,
as well as determining their biological activity. Such data are
needed, among other things, for the development of beneficial
nutritional and nutraceutical supplements.

VIR Lycopersicon (Tourn.) Mill. worldwide collection in-
cludes 7678 accessions of one cultivated and nine wild species
(according to C.M. Rick (1959)). Tomato (L. esculentum Mill.)
has 6536 varietal and 1505 hybrid populations (F,—F;). The
first tomato accessions entered in the collection in 1922 as a
result of the expedition of N.I. Vavilov and S.M. Bukasov to
the USA and Canada. These were stem indeterminate forms
with different colors of the fruit, relevant for use in breeding
until now. Then the collection was expanded with accessions
of various types of growth and development and morphologi-
cal features from 95 countries all over the world, that is, the
widest crop diversity for various uses and sources for breed-
ing is concentrated in it. The collection continues to grow.
Currently, much attention is paid to the involvement in the
collection of competitive accessions with unconventional fruit
color: yellow, orange, pink, crimson, green, brown, purple,
“black”, characterized by a high content of biologically active
flavonoids and pigments.

The modern structure of the VIR tomato collection: acces-
sions of wild species — 196; primitive forms — 371; landraces
— 551; breeding cultivars — 4188; hybrids — 1511; mutant
forms — 49; self-pollinated lines — 118; genetic sources with
identified genes — 278; donors — 17 accessions.

The purpose of this work is to conduct a comparative as-
sessment of tomato accessions with different fruit colors from
the VIR collection in terms of biochemical composition. The
main task was to determine the content of the main chemical
compounds — dry matter, ascorbic acid, sugars, chlorophylls,
carotenoids and anthocyanins — in various tomato accessions
from the VIR collection.

Materials and methods

The material for the study included breeding cultivars and
hybrids of different time of creation of cultivated and wild
tomatoes from the VIR collection (70 accessions in total),
differing in many phenological and morphological characteris-
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tics: the duration of the vegetative period, the type of growth,
height of inflorescences formation, the number and type of
inflorescences, flower features, fruit formation, shape, size,
surface and internal structure of the fruit. Accessions with
various colors of fruits were taken for research, including new
accessions with different contents of anthocyanin. The studied
tomato accessions represented a wide range of colors of fruits
in biological ripeness: green-purple, green-yellow, yellow,
yellow-orange, yellow-purple, orange, orange-red, red, pink,
crimson, red-brown and purple-red, both with a uniform color
and with the presence of yellow or green stripes (Table 1).

Tomato accessions were grown at the VIR Pushkin and
Pavlovsk Laboratories (St. Petersburg, Northwest Russia)
in a glass greenhouse in March-October of 2019-2020. The
temperature was 22-30 °C during the day and 16-22 °C at
night. The plants were grown only under natural light. Day-
light duration varied from 11.5 h in March and September to
18.6 h in the third decade of June. Illumination varied from 4
to 10 thousand Ix/m?, depending on the growing season. The
plants were grown in AgroBalt peat substrate, completely
filled with mineral fertilizers. 3—-9 plants were placed per
1 m?, depending on the plant habit. Generally accepted in the
Northwest region agricultural technologies included the garter
and the formation of plants, taking into account the specific
conditions of the winter shelving greenhouse.

Phenological and morphological descriptions were carried
out according to the “International CMEA Classifier of the
Genus Lycopersicon Tourn.” (1986), “Descriptors Tomato
(Lycopersicon spp.) IPGRI” (1996) and “Tomato — UPOV
(Solanum lycopersicum L.)” (2012).

Biochemical analysis was carried out in the VIR Labora-
tory of Biochemistry and Molecular Biology in the Biological
Ripeness of the Fruits. The study took 1/2 part of at least five
fruits of each accession, in two replications. The analysis and
processing of the material were carried out according to the
VIR methods (Ermakov et al., 1987): the dry matter content
was measured by a gravimetric method; sugars — by the Ber-
trand’s method; total (titratable) acidity — by titrating with
0.1 n of alkali, calculated as malic acid; ascorbic acid — by the
method of direct extraction from plants with 1 % hydrochloric
acid, followed by titration with 2,6-dichloroindophinol (Till-
man’s reagent); carotenoids and chlorophylls were isolated
with 100 % acetone and their absorption was measured on an
Ultrospec II spectrophotometer at different wavelengths (nm):
645, 662 — for chlorophylls a and b, 440 — for carotenoids,
454 — for carotenes (total carotenes determined by paper
chromatography), 454 — for B-carotene, 503 — for lycopene.
Anthocyanins were extracted by 1% hydrochloric acid, then
measured by spectrophotometry at 510 nm wavelength, in
terms of cyanidin-3,5-diglycoside (453 nm), with a correction
for the content of the green pigment at 657 nm. All data are
presented on raw material.

Statistical analysis. Descriptive statistics (mean, median,
standard error, standard deviation, range of variability) were
calculated for all biochemical parameters to assess the genetic
diversity of tomatoes. Data analysis was performed using
the STATISTICA v.12.0 software (StatSoft Inc., USA). Data
testing for normality of distribution was performed using the
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Shapiro—Wilk test and the quantile-quantile plot (QQ Plot).
The mean values of the data with normal distribution were
compared using one-way analysis of variance (ANOVA);
Pearson’s correlation coefficient was used for correlation
analysis. Data with a distribution other than normal were
compared using the Kruskal-Wallis test, and correlation
analysis was compared using the Spearman’s rank correlation
coefficient. Cluster analysis was performed using the UPGMA
method in the PAST program (Hammer et al., 2001).

Results and discussion

As a result of studying the most important indicators of the
biochemical composition of tomato fruits, the large differences
between the studied accessions were established.

Dry matter content

One of the most important indicators of the quality of tomato
fruits and their technological properties is the dry matter con-
tent. The dry matter content in the fruits of cultivated tomato
was in the range of 3.72-8.88 % (Cv=14.7 %), in the fruits
of wild species —9.62—11.33 % (Cv = 6.2 %) (Table 2). Fruits
with a high concentration of dry substances taste good, give
a higher yield during processing, and have better transport-
ability and keeping quality during storage. On average, the
red-brown accessions accumulated more dry matter (6.46 %)
than the rest. A high content of dry matter (more than 7.00 %)
was noted in the accessions Slivka krasnaya, Ampel’nyj F,
and Patrikeevna. Among the accessions of wild species, the
largest amount of dry matter in fruits was accumulated by
accessions of L. peruvianum: 10.25-11.33 %.

In our study, we found weak positive correlations in culti-
vated tomato accessions between the content of dry matter and
monosaccharides (r = 0.40, p < 0.05), the amount of sugars
(r=0.37, p £0.05) and ascorbic acid (r = 0.32, p < 0.05).
Thus, an increase in the amount of these biochemical cha-
racteristics in fruits will have little effect on an increase in
the other three indicators.

Our results on the dry matter content are consistent with
the results of other studies (Gupta et al., 2011; Nour et al.,
2013; Kondratyeva, Engalychev, 2019; Ignatova et al., 2020),
which reported on the dry matter content in tomato fruits
within 5.55-8.80 %.

Sugar content
Most of the dry matter in tomato fruits is carbohydrates, the
main of which are soluble sugars. In our study, the total sugar
content in cultivated forms was 1.50-5.65 % (Cv =26.2 %),
in accessions of wild species —2.20-2.70 % (Cv= 6.4 %) (see
Table 2). The high variability of the sugar content in cultivated
tomato is associated with both genetic characteristics and
growing conditions. Soluble monosaccharides are represented
by glucose and fructose in tomato fruits. The average content
of monosaccharides was 2.84 % in cultivated and 1.98 % in
wild tomatoes. The accessions Superklusha and Patrikeevna
showed a high content of total sugars, including monosac-
charides — 5.35 and 5.65 %, respectively.

Oligosaccharides in tomato fruits are mainly represented
by the disaccharide sucrose. The content of disaccharides
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No. VIR catalog number Accession name

Origin/firm

Fruit color

Accessions of cultivated edible tomato
Lycopersicon esculentum Mill. = Solanum lycopersicum L.

1 vr.k-15325 Citrusovyj sad

2 vr.k-15343

3 vr.k-15344 Zolotce

4 k-3766 Yantarnyj

5 vrk-11243

6 vr.k-15368 Zheltyj delikates
7 vr.k-15303 Yellow Ruffles

8 9.k-01040 Cypa F,

Northwest Research Institute
of Agriculture “Belogorka”

All-Russian Research Institute
of Horticulture, V.I. Kozak

Yellow-orange

Orange

23 k-4482
24 k-4895 Assorti
25 vr.k-14430 Valyuta

Orange-red

Pridnestrovskiy Research Institute
of Agriculture, Aelita
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Table 1 (end)

Biochemical composition
of tomato fruits of various colors

No. VIR catalog number Accession name Origin/firm Fruit color
40 .......... v rk15347 ..................... HardeMImature ................................. USA .............................................................. R Ed .................................................
41 .......... k4571 ............................ |on .......................................................... F5|35|F5vc ................................................
42 .......... k2497 ........................... M on go|5k |Jkar| | k .................................. partner ......................................................
43 .......... k3043 ........................... Nev SkU ................................................... No rth W e St Resea rCh |n5t|tu te .................

of Agriculture “Belogorka”

45 vrk-15351 Krasnaya rossyp’ Poisk
45 .......... k5547 ........................... Kraynusever .......................................... B|ote kh mka v| Kozak .............................
47 wk15335 Severnayamalyutta  VSTISPVLKozak
48 .......... k7035 ........................... Budenovka'romagros ..................................................
49 k15367 SpeckledRoman | USA Wisconsin | Red with yellow stripes
50 k6128 Chernyjprinc Scientific and Production Corporation Red-brown

"NK.LTD"

Scientific and Production Corporation
"NK.LTD"

All-Russian Research Institute

of Vegetable Growing

Accessions of wild inedible species
Lycopersicon peruvianum Mill. = Solanum peruvianum L.

Lycopersicon glandulosum C.H. Muell =

lanum corneliomuelleri J.F. Macbr.

65 k-3924 L. peruvianum Mill. PL 129152 Green-purple
66 k-3960 L. peruvianum Mill. var. dentatum
FPI 128650/1236
67 k-3962 L. peruvianum Mill. var. dentatum
FPI1128652/1238
68 k-2904 L. glandulosum C.F. Mull. ES 495 India
69 k-3944 L. glandulosum C.F. Mull. Peru
70 k-2099 L. peruvianum Mill. USA

in the studied accessions was low and averaged 0.2-0.4 %
in both cultivated and wild forms. Accessions Kamennyj
cvetok, Zolotce and Dikaya roza contained more than 1.2 %
disaccharides in fruits.

Several studies have shown that green fruits of wild tomato
species accumulate mainly sucrose, while fruits of cultivated
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tomato accumulate glucose and fructose (Stommel, 1992;
Beckles et al., 2012). In our study, wild tomato fruits ac-
cumulated more monosaccharides than disaccharides, which
is possibly related to the growing conditions. The Leningrad
region is characterized by low insolation, which is possibly
the reason for the low accumulation of disaccharides.
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Table 2. Parameters of descriptive statistics of cultivated and wild tomato accessions by biochemical characteristics

Mean + SE

Median

Std. dev.

Min-max

*The data have abnormal distribution.

The sugar content in tomato fruits varied in the range of
2.81-4.41 % in the study of A.V. Kuzyomensky (2004), the
sugar content was in the range of 2.12-6.00 % in F, hybrids
(Ignatova et al., 2020).

Titratable acidity and sugar-acid index

The titratable acidity in fruits of cultivated tomato accessions
varies within 0.14-0.46 % (Cv = 28.4 %) with an average con-
tent of 0.28 %, in wild tomatoes — 0.33—0.48 % (Cv=15.0 %)
with an average content of 0.40 %. A low content of titratable
acids (less than 0.19 %) was observed in tomato accessions:
Karlik kartofel’nyj, Utenok, Yantarnyj, Gold Medal and Yel-
low Ruffles. A high content (more than 0.40 %) was noted in

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

tomato accessions with pink, orange, orange-red and yellow-
purple color of fruits: Amurskij tigr, Bych’e serdce rozovoe,
Stripes of Yorc, Yaponskij tryufel” oranzhevyj and rozovyj,
Valyuta. High acidity in wild tomato species (0.48 %) was
noted in two accessions: L. glandulosum (k-3944, Peru) and
L. peruvianum (k-2099, USA).

Similar results on the level of titratable acidity were ob-
tained in other studies. In R.V. Nour et al. (2013) and J. Owu-
su et al. (2012) studies titratable acidity varied from 0.10 to
0.41 %.

The taste of the fruit is determined by the index of sugar to
acid. It has been proven that this indicator changes depending
on soil and climatic conditions, cultivation techniques and
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Fig. 1. Distribution of tomato accessions by sugar-acid index.

varietal characteristics of the crop, as well as the degree of
fruit ripeness (Kondratyeva, Pavlov, 2009). The index of sugar
to acid is an indicator of the quality of the fruit: the higher it
is, the tastier the product.

It was found that all accessions had a different sugar-acid
index. The level of sugar-acid index in cultivated tomatoes
ranged from 4.41-21.80 (Cv = 34.1 %), in wild ones —
4.63-7.01 % (Cv = 14.2 %). Tomato accessions were divided
into six statistically significant groups of the sugar-acid index
(Fig. 1). The first group included 16 tomato accessions, which
were characterized by a low index — 4.4-7.3. This group
included all accessions of wild tomato, as well as accessions
of cultivated tomato with yellow (Mestnyj), yellow-purple
(Stripes of Yorc), orange-red (Valyuta), orange (Yaponskij
tryufel’ oranzhevyj), pink (Yaponskij tryufel’ rozovyj, Amur-
skij tigr), red (Severnaya malyutka, Kraynij sever) and green-
yellow (Rin) color of fruits. The second (7.3-10.2), third
(10.2-13.1) and fourth (13.1-16.0) groups included 14-17
accessions with different fruit colors. The fifth and sixth
groups included accessions with a high index: 16.0-21.8.
These groups were represented by accessions with yellow
(Patrikeevna), yellow-orange (Dina, Gold Medal), pink (Di-
kaya roza), red (Zyryanka), orange-red (Karlik kartofel’nyj),
purple-red (Indigo Helsing Junction Blue, Amethyst Jewel)
and red-brown (Chernyj princ) fruit color.

Ascorbic acid content

The nutritional value of tomato fruits is determined, first of
all, by the high content of vitamins, among which ascorbic
acid (vitamin C) occupies one of the first places. The content
of ascorbic acid in the analyzed fruits of cultivated tomato
varied from 12.40 to 35.56 mg/100 g (Cv = 24.6 %) with an
average content of 20.78 mg/100 g, in wild ones — from 23.62
to 28.14 mg/100 g (Cv = 6.0 %) with an average content of
26.22 mg/100 g. A high content of ascorbic acid (more than
30 mg/100 g) was found in the accessions Utenok, Amethyst
Jewel, Yaponskij tryufel’ rozovyj and oranzhevyj.

A weak correlation between the content of ascorbic acid
with a dry matter content (r =0.32, p <0.05) and carotenoids
(r=0.25, p <0.05) was found in the studied accessions.

R.V. Nour et al. (2013) found significant differences in
the content of ascorbic acid in different tomato cultivars:
91.9-329.7 mg - kg!. R.A. Dar and J.P. Sharma (2011) found
ascorbic acid content in the range of 197.7 to 378 mg - kg!
FW, Harish et al. (2012) — within 20.23-29.32 mg/100 g.
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Thus, our results are partially consistent with the already
available results and also expand the range of variability of
the content of ascorbic acid in tomato fruits.

Chlorophyll content

The amount of pigments and their ratio significantly affect
the metabolism of plants and can differ depending on the
species or cultivar of the plant, as well as on the phase of its
ontogenesis (Belova et al., 2012).

Chlorophyll is found in large quantities in unripe tomato
fruits; in the process of ripening, it is destroyed. During the
ripening of tomatoes, the degradation of chlorophyll happens
with the biosynthesis and accumulation of carotenoids at the
same time; both processes are responsible for the change of
fruit color.

In our study, the total chlorophyll content in cultivated
tomatoes was in the range of 0.14-5.11 mg/100 g, in wild
ones —2.95-4.57 mg/100 g (see Table 2). Tomato accessions
with different fruit colors differed in the content of chloro-
phyll a and b (Fig. 2).

In addition to the total chlorophyll content, the adaptabil-
ity of plants to a certain lighting regime is also manifested
in the qualitative composition of pigments. In our study, as
expected, the largest amount of chlorophyll a in fruits was
accumulated by accessions of wild tomato. A high content
was found in accessions of cultivated forms with green-yellow
(1.45-1.69 mg/100 g), red-brown (1.25-2.32 mg/100 g)
fruit color and in several accessions with purple-red fruit
color: Blue Berry (vr.k-15304) — 1.53 mg/100 g and Indigo
Clackamas Blue Berry (vrk-15363) — 2.81 mg/100 g. The
other accessions contained not more than 1.00 mg/100 g of
chlorophyll a.

Tomato accessions with yellow, yellow-orange, red, orange,
orange-red, pink and purple-red fruit color accumulated more
chlorophyll b in the fruit. The highest content (more than
1.00 mg/100 g) was noted in the fruits of wild tomato and in
most accessions of cultivated tomato with purple-red color of
fruits, as well as some accessions with red: Mongol’skij kar-
lik (1.20 mg/100 g), Nevskij (1.76 mg/100 g), Kraynij sever
(2.43 mg/100 g); orange-red: Beduin (1.14 mg/100 g), Podarok
Kubani (1.89 mg/100 g), Valyuta (2.61 mg/100 g); and pink:
Cherry rozovyj (1.46 mg/100 g), Nepas 12 (1.58 mg/100 g),
fruit color.

One of the informative indicators characterizing the poten-
tial photochemical activity of fruits is the ratio of chlorophyll a
to chlorophyll b (a/b). The possible effect of fruit ripening on
the rate of destruction of pigments was reflected in the value
of the ratio of the chlorophyll content — a to b. In our study,
chlorophyll b prevails in the total chlorophyll pool of culti-
vated tomatoes. The chlorophyll a/b ratio was in the range of
0.45-2.17 in most cultivated tomato accessions, and in wild
ones — 1.85-2.53. All accessions with yellow-green and red-
brown fruit color had a chlorophyll a/b ratio more than 1,
as well as some accessions with yellow (Zheltyj delikates,
Zolotce), red (Zyryanka), orange-red (Novichok, Hybrid Bu-
denovka % Chernyj princ) and purple-red (Blue Berry, Indigo
Clackamas Blue Berry) color of the fruit.

In general, accessions with green-purple, green-yellow,
red-brown and purple-red coloration in total accumulated
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Fig. 2. Variability of tomato accessions with different fruit colors in terms of chlorophyll content.

more chlorophylls in their fruits — more than 2.40 mg/100 g,
accessions with orange-red, red and yellow-orange colora-
tion — within the range of 1.10-1.58 mg/100 g, the total content
of chlorophylls in fruits with a different color did not exceed
0.85 mg/100 g.

Thus, it can be assumed that the presence of chlorophylls in
tomato fruits with yellow, yellow-orange, orange, orange-red,
red and pink coloration is due to the fact that the chlorophyll
degradation process was not yet completed and proceeded in
parallel with the synthesis of carotenoids, and the prevalence
of chlorophyll b indicates that the rate of photosynthesis has
already been reduced. The high accumulation of chlorophylls
in the fruits of some tomato accessions with red, orange-red
and yellow-orange color of the fruit may be associated with
the presence of a green spot.

Carotenoid content

The diversity of tomato fruit color is the result of mutations in
the genes of the carotenoid pathway, which arose as a result of
domestication and improvement of varieties, such as yellow-
flesh (r), tangerine (t), green-flesh (gf ), green ripe (gr),
apricot (at), beta carotene (B), high pigment (hp), old gold
(0g), and y (yellow) (Roohanitaziani et al., 2020). Changing
the classic red color of tomato, such genes primarily affect
its biochemical composition, and especially the content of
carotenoids, allowing the creation of varieties with a changed
content of these substances (Kuzyomensky, 2004).

The most common carotenoids of red tomato varieties
are lycopene (red pigment) and B-carotene (yellow-orange
pigment), while lutein, {-carotene, neurosporin, and others
may also be present in orange and yellow fruits (Khachik et
al., 2002). Other identified tomato carotenoids — y-carotene,
phytoene, phytofluen, are found in small amounts (Golubkina
etal., 2017).

The pigment complex of the fruits of the studied tomato
accessions was characterized by a high content of carotenoids.
The total content of carotenoids in the fruits of cultivated
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tomato was in the range of 0.97-99.86 mg/100 g, with an
average content of 21.86 mg/100 g, in wild tomato — 1.03—
10.06 mg/100 g, with average content — 2.68 mg/100 g.

The variability of the carotene content in tomato acces-
sions was high (Cv = 64.9 %). The average carotene content
of cultivated tomato accessions was 2.31 mg/100 g, of which
B-carotene was 0.68 mg/100 g (Fig. 3). High carotene content
was found in tomato accessions with red-brown (average
3.25 mg/100 g) and orange (4.03 mg/100 g) fruit color, low
(less than 0.80 mg/100 g) was found in accessions with yellow,
green-yellow, yellow-purple and green-purple color of fruits,
the rest contained on average 1.66-2.85 mg/100 g. At the
same time, a high content of -carotene was found in tomato
accessions with pink (average 0.89 mg/100 g) and orange-red
(0.95 mg/100 g) fruit color, slightly less (0.81-0.82 mg/100 g)
in accessions with red-brown and orange colored fruits. Ac-
cessions Valyuta (vr.k-14430), Kraynij sever (k-5647), and
Novichok (k-4482) contained more than 1.40 mg/100 g of
[B-carotene.

Lycopene is a non-cyclic B-carotene isomer. The content
of lycopene in fruits of cultivated tomato varied from 0.00 to
89.39 mg/100 g; lycopene was not found in fruits of wild
tomato (see Table 2). The differences between the accessions
in terms of lycopene content are very large, including the dif-
ferences within the fruit color groups. Accessions with pink
and orange-red color of fruits were characterized by a high
lycopene content (on average 26.32—32.52 mg/100 g), acces-
sions with green-yellow, yellow and yellow-purple color of the
fruit accumulated significantly less (less than 6.5 mg/100 g).
Accessions with red and orange color of fruits in our study had
similar values for lycopene content — 8.80 and 8.37 mg/100 g,
as well as accessions with red-brown, yellow-orange and
purple-red color of fruits: 16.12, 17.04 and 18.04 mg/100 g,
respectively (see Fig. 3).

Accessions with yellow-orange (Dina and Gold Medal),
red-brown (Viagra) and purple-red (OSU Blue) color of the
fruit showed a high content of lycopene (for each group: 21.62,
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Fig. 3. Variability of tomato accessions of various fruit colors in terms of the content of carotenoids.

38.71, 45.67 and 89.39 mg/100 g, respectively). Accession
Zheltyy delikates did not accumulate lycopene in the fruit.

The data on the content of lycopene and -carotene is very
different in the works of other authors. As a result of study-
ing 10 red tomatoes, R.V. Nour et al. (2013) found that the
content of lycopene was in the range of 19.7-49.0 mg - kg !,
and B-carotene — 6.4-12.8 mg - kg!. After studying 185 to-
mato accessions, S. Anjum et al. (2020) determined that the
content of lycopene was 1.57-23.24 mg - 100 g, B-carotene —
1.32-7.61 mg-100 g!. R.S. Pal et al. (2018) reported the
content of lycopene in the studied 22 tomato lines in the range
0f3.05-9.83 mg/100 g and B-carotene —4.32—7.31 mg/100 g.
In a study by I.Yu. Kondratyeva and N.A. Golubkina (2016),
the content of lycopene in tomato accessions with yellow and
orange color of the fruit was in the range of 0.0-2.6 mg/100 g,
in fruits with red and pink color — 3.3—11.5 mg/100 g, B-ca-
rotene — 0.8—6.2 and 0.8-3.1 mg/100 g, respectively.

In our study, the proportion of B-carotene from the total
content of carotenes is 25.7-28.4 % in accessions with yel-
low, yellow-orange and yellow-purple color of fruits, and
the proportion of carotenes from carotenoids is 41.5-42.8 %.
Thus, we can assume that the remaining carotenoid pigments
in these accessions are xanthophylls, including lutein. At the
same time, accessions with a yellow-orange color of the fruit
accumulated a significant amount of lycopene (on average
17.0 mg/100 g). Accessions with a green-yellow color of the
fruit were characterized by a high proportion of carotenes in
the carotenoid complex — 71.7 %, but -carotene averaged
only 20.0 %. In accessions with red, red-brown and orange
fruit color, the proportion of carotenes was in the range of
42.5-52.0 %, and B-carotene — 20.1-26.3 %, while the acces-
sions with these fruit colors accumulated the greatest amount
of carotenes (on average 2.7-4.0 mg/100 g) compared to
the rest of the accessions. Accessions with orange-red and
pink color of fruits accumulated the greatest amount of lyco-
pene — on average 26.3—32.5 mg/100 g, while the proportion
of carotenes was small — 34.5-38.2 %, with a proportion of
B-carotene within 31.3-36.1 %. In accessions with a purple-
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red color of the fruit, the proportion of carotenes was 29.0 %
with a prevalence of B-carotene.

Thus, we can assume that tomato fruits also contain other
carotenoid pigments that were not identified by us — lutein,
C-carotene, y-carotene, neurosporin, phytoene, phytofluen and
others, which is consistent with the studies of other authors
(Khachik et al., 2002; Golubkina et al., 2017).

Anthocyanin content

Normally, cultivated tomato plants do not synthesize an-
thocyanins in fruits. Three loci, Anthocyanin fruit (4f),
atroviolacium (atv), and Aubergine (Abg), enhance the accu-
mulation of anthocyanins in fruits when they introgress from
wild species into cultivated tomatoes (Kendrick et al., 1997,
Jones et al., 2003). The atv, Aft, and Abg loci in wild tomato
species can contribute to the pigmentation of anthocyanins
in fruits, and the atv locus can dramatically increase the
amount of anthocyanins in cultivated tomato fruits when it is
combined with the Aft or Abg locus (Mes et al., 2008). Most
of the anthocyanins present in the fruits of such tomatoes are
concentrated in the skin, and almost complete absent in the
seeds and pulp (Ooe et al., 2016).

In our study, a significant amount of anthocyanins was
observed in accessions of cultivated tomato with purple-
red (32.89-588.86 mg/100 g) and yellow-purple (87.91—
161.22 mg/100 g) fruit color, as well as in wild tomato fruits
(84.31-152.71 mg/100 g) (Fig. 4).

In accessions with other fruit colors, anthocyanins were also
found, but in much smaller quantities. Fruits with red colora-
tion accumulated anthocyanins on average 14.09 mg/100 g,
with yellow, yellow-orange, green-yellow, orange and orange-
red — within 10.62—-11.77 mg/100 g, and accessions with red-
brown and pink fruit color — less than 9.0 mg/100 g. Antho-
cyanin content of 53.3 mg/100 g was found in the Speckled
Roman accession with red and yellow stripes.

The correlation analysis revealed a high dependence of the
content of chlorophyll a and b among themselves (r = 0.89,
p <0.05), as well as an average positive correlation between
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Fig. 4. Accessions of tomato high in anthocyanins: Indigo Clackamas Blue
Berry (1), Indigo Apple (2), Ananas Noire (3).

the content of chlorophyll b and anthocyanins (r = 0.47,
p < 0.05), weak — with the content of B-carotene (r = 0.26,
p <0.05) and weak negative — with the content of monosac-
charides (r = —0.29, p < 0.05). Between chlorophyll a and
anthocyanin there is also a positive correlation of average
degree (r =0.37, p <0.05).

C.M. Jones et al. (2003) reported that the amount of antho-
cyanins in the peel of “blue” tomatoes ranged from 20.6 to
66.5 mg/100 g, in another study the amount of anthocyanins
in the peel ranged from 7.79 to 110.79 mg/100 g (Peter et al.,
2008). In studies of “purple” tomatoes obtained by the method
of genetic engineering, Del/Rosl, Del/Rosl x AtMYB12, the
anthocyanin content is reported to be 5.1+0.5 g-kg! DW
and 1.154+0.011 mg-g ' FW (Lim et al., 2014; Zhang et
al., 2015), and in tomato accessions obtained by breeding
Aft/Aft < atv/atv — 116.11 mg- 100 g-' FW (Mes et al., 2008),
V118 — 50.18 mg-100 g! DW (Li et al., 2011), Blue Ja-
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pan Indigo tomato — 17 mg-g! DW (Ooe et al., 2016) and
Aft/Aft x atv/atv x hp2/hp2 —90.91 mg - 100 g~ FW (Da Silva-
Souza et al., 2020). E. Ooe et al. (2016) also reported that
“blue” tomato accessions accumulate significant amounts of
lycopene.

Thus, our studies of the anthocyanin content in tomato
fruits are consistent with previous studies. As a result of the
biochemical analysis, we identified tomato accessions by a
set of traits that can be used as sources in breeding for a high
content of sugars and biologically active substances (Table 3).

Cluster analysis

A dendrogram was constructed based on the results of cluster
analysis of the studied biochemical parameters of tomato
accessions (in accordance with Table 2) (Fig. 5). Tomato ac-
cessions were divided into two groups, small and large; within
the second group, five clusters were identified.

The first cluster included two tomato accessions with a high
content of anthocyanins and chlorophylls in fruits: Ananas
Noire (430.3 and 2.63 mg/100 g) and Indigo Clackamas Blue
Berry (588.9 and 5.11 mg/100 g).

The second cluster is divided into three sub-clusters. The
first subcluster is represented by one accession from the
USA — OSU Blue, the second — by accessions of wild tomato
L. glandulosum (k-2904, k-3944) and L. peruvianum (k-2099,
k-3924, k-3962), as well as accessions of cultivated tomato
Stripes of Yorc with a yellow-purple color of the fruit and
Indigo Apple (vr.k-15364) and Blue Berry (vr.k-15304) with
a purple-red color of the fruit. The third subcluster included
two accessions with a purple-red color of the fruit — Amethyst
Jewel and Indigo Helsing Junction Blue. This group of acces-

Table 3. Distinguished tomato accessions by a complex of biochemical characteristics

No. Accessions name Total Ascorbic acid, Lycopene, [-carotene, Anthocyanins,
of sugars, % mg/100 g mg/100 g mg/100 g mg/100 g
..... 1 SUperkmsha535i0321612113215221,23410710114251025
2 Yeponskijtryufelrozovy; 2912097 3458+949 26224920 0864002  2129+818
3 Yaponskijtryufel'oranzhevyj 2944081 3556+635 6484294  114:001 1343£235
4 ............ Bedum ................................................ 3 1010072488i2478657i1532 ........... 110i036 ............... 1078i188 ............

5 ............ O 5UB|ue ............................................ 3 ]2104124051419893911428 ........... 12910” ............... 1692819494 .......

6 ............ Kraymjsever ...................................... 1851020 .................. 1984128129011541 .............. 1531059 ............... ”39i157 ............

7 ............ NOV'chok436i049 .................. 17361259 ................. 2 321092 ............. 1621014 ................. 7651093 ............

8 ............ A nanaSNo,re ..................................... 3 10i0782356i377 ................. 7 0111040351012430301,9835 .........
9 IndigoClackamas Blue Berry  248+02  2480%175 9614187  103+018  588.86+17189
10 ............ C hemyjmavr ..................................... 2 43i1o7 .................. 16121256 ............... 191 5i47 ............... 1021013 ................. 4 171234 ...........
11V,agra442i023 .................. 1730i1844567i650 ............. 1121011 ................. 7801121 ............
12 Percevidnyjrozowyj 2984056 29704937 6924+1584 101064 3374124
13 Bycheserdcerozovoe 3244094 16244192 4324%1075 1064063 4724132
14 ............ C he"yrozovyj ................................... 3 75i0742604i32334154_,359 ............. 1171013 ................. 3791112 ............
.................. M eans306i0102078i0641595i260068i0055035i”94
.................. |_5D102432_015_
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Fig. 5. Dendrogram of tomato accessions by basic biochemical parameters. UPGMA method.
The numbers indicate the size of the bootstrap; the names of the accessions are given in accordance with Table 1.
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sions was also characterized by a high content of anthocyanins
from 120.4 to 281.3 mg/100 g, and the accessions of the first
and third subclusters had a high content of lycopene: 8§9.4,
16.4 and 11.6 mg/100 g, respectively.

The third cluster included tomato accessions with pink (Di-
kaya roza, Bych’e serdce rozovoe, Cherry rozovyj, Yapon-
skij tryufel’ rozovyj), orange-red (Slivka krasnaya, Hybrid
Budenovka x Chernyj princ), yellow-orange (Gold Medal),
red (Kraynij sever) and red-brown (Viagra) fruit color. These
accessions were characterized by a high content of total
carotenoids — 44.96+5.97 mg/100 g, of which there were
36.57+£6.45 mg/100 g of lycopene, 3.01+1.37 mg/100 g of
carotenes, and were low in anthocyanins.

The fourth cluster was the largest; it combined 41 acces-
sions with different fruit colors and was divided into six
subclusters. The first subcluster is represented by 16 acces-
sions, mainly with red and orange color of the fruit, which
were characterized by the content of carotenes — on average
3.03+1.31 mg/100 g and lycopene — 6.35+1.92 mg/100 g;
this group also included several accessions with a high con-
tent of chlorophylls. The second subcluster also combined
16 accessions, but mainly with yellow and green-yellow fruit
coloration and several with red and pink. These accessions
were characterized by a low content of total carotenoids
(6.28+2.36 mg/100 g), including lycopene — an average of
3.78+2.50 mg/100 g. The third subcluster is represented by
three accessions with orange and orange-red fruit coloration.
They were characterized by a high content of chlorophylls —
1.19-2.88 mg/100 g, anthocyanins — 18.41+5.04 mg/100 g
and total carotenoids — 17.04+2.22 mg/100 g, of which the
content of lycopene was 10.54+0.15 mg/100 g, carotene —
3.56+1.33 mg/100 g. The fourth subcluster is formed by
two accessions — Indigo Blue Berries with a purple-red color
and Hurma with a yellow-orange color of the fruit. The fifth
subcluster is represented by three accessions: Dina, Chernyj
mavr and Superklusha with a high content of total carotenoids
(on average 25.71£1.59 mg/100 g), of which the content of
lycopene was 18.66+3.23 mg/100 g and the content of caro-
tenes was 3.28+1.75 mg/100 g, of which B-carotene content
was an average of 0.83+0.38 mg/100 g, and a total sugar
content of 3.91 % on average. The sixth subcluster included
one accession of the Yaponskij tryufel” oranzhevyj, which is
characterized by a high content of all carotenoids and low
chlorophylls, as well as a high content of ascorbic acid and
titratable acidity.

The fifth cluster included accession of wild tomato L. pe-
ruvianum (k-3960) and two accessions of cultivated tomato
with yellow-purple (Indigo Gold Berries) and red with yellow
stripes (Speckled Roman) fruit color. These accessions had
an average content of anthocyanins in fruits — in the range of
53.3-87.9 mg/100 g.

The sixth cluster is represented by four accessions with
orange-red (Beduin, Assorti, Majkl Pollan) and pink (Per-
cevidnyj rozovyj) color of the fruit, which were characte-
rized by a high content of lycopene — on average 71.90+
+9.91 mg/100 g.

Thus, the accessions of the first two clusters were charac-
terized by a high content of anthocyanins and chlorophylls in
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fruits, as well as ascorbic acid. The accessions of the second
and fifth clusters were distinguished by a high dry matter
content, while the accessions of the third and sixth clusters
had a high content of total sugars, total carotenoids, with a
predominance of lycopene and B-carotene. The fourth cluster
united tomato accessions, on average, with a low content of
carotenoids and anthocyanins, but a high content of caro-
tenes. The accessions of the fifth cluster were characterized
by an average content of anthocyanins and a low content of
carotenoids.

Conclusion

As aresult of this study, it was revealed that tomato accessions
from the VIR collection with different fruit colors greatly differ
in biochemical composition. We have determined the ampli-
tude of variability of the main biochemical characteristics: dry
matter, sugars, ascorbic acid, titratable acidity, pigments and
anthocyanins. Correlations were revealed between the content
of dry matter and monosaccharides (r = 0.40, p < 0.05), the
total sugars (r = 0.37, p < 0.05) and ascorbic acid (r = 0.32,
p < 0.05); the content of ascorbic acid and carotenoids
(r=0.25, p £0.05). A high dependence of the content of
chlorophyll a and b among themselves (r =0.89, p<0.05), as
well as an average positive relationship between the content
of chlorophyll b and anthocyanins (r = 0.47, p < 0.05), weak
with the content of B-carotene (r = 0.26, p < 0.05) and weak
negative with the content of monosaccharides (r = —0.29,
p < 0.05) was demonstrated. There was also a moderate
positive correlation between the content of chlorophyll a and
anthocyanin (r = 0.37, p < 0.05).

It was revealed that accessions with red-brown color of
fruits accumulate more dry matter. Accessions with green-
purple, green-yellow, red-brown and purple-red coloration
in total accumulate more chlorophylls in fruits — more than
2.40 mg/100 g, accessions with orange-red, red and yellow-
orange coloration — within 1.10-1.58 mg/100 g. Tomato
accessions characterized by a high content of carotene are
those with red-brown (average 3.25 mg/100 g) and orange
(4.03 mg/100 g) fruit color, whereas accessions with yellow,
green-yellow, yellow-purple and green-purple color of fruits —
by a low carotene content (less than 0.80 mg/100 g). A high
content of -carotene was found in tomato accessions with
pink (average 0.89 mg/100 g) and orange-red (0.95 mg/100 g)
fruit color, a lower content (0.81-0.82 mg/100 g) — in acces-
sions with red-brown and orange fruit color.

It was determined that the differences in the content of ly-
copene between the accessions are very large, including the
differences within the fruit color groups. A high content of
lycopene was found in accessions with pink and orange-red
color of fruits (on average 26.32-32.52 mg/100 g), accessions
with green-yellow, yellow and yellow-purple color of the fruit
accumulated it much lower — less than 6.5 mg/100 g. A large
amount of anthocyanins was contained in tomato accessions
with purple-red (32.89-588.86 mg/100 g) and yellow-purple
(87.91-161.22 mg/100 g) fruit color, as well as in accessions
of wild tomato (84.31-152.71 mg/100 g). Anthocyanins were
also found in accessions with different color of fruits, but in
much smaller quantities.
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We have identified tomato accessions with a high content of
both individual chemicals and a complex of traits that can be
used as sources in breeding for a high content of dry matter,
sugars, ascorbic acid, pigments and anthocyanins.
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Abstract. Powdery mildew caused by the parasitic fungus Blumeria graminis (DC.) Golovin ex Speer f. sp. hordei Marchal
is one of the most common diseases of barley. Growing resistant varieties can significantly minimize harmful effects of
the pathogen. The specificity in the interaction between the fungus and its host plant requires a continuous search for
new donors of the resistance trait. The powdery mildew resistance of 264 barley accessions from Dagestan and genetic
control of the trait in resistant forms were studied under field and laboratory conditions. Forty-seven barley lines carry-
ing previously identified powdery mildew resistance genes were also examined. During three years, the experimental
material was evaluated under severe infection pressure at the Dagestan Experiment Station of VIR (North Caucasus,
Derbent). Juvenile resistance against the Northwest (St. Petersburg, Pushkin) pathogen population was evaluated in a
climatic chamber. The genetic control of B. graminis resistance in the selected accessions was studied with the applica-
tion of hybridological and molecular analyses. The level of genetic diversity of Dagestan barley for effective resistance
to powdery mildew is very low. Only two accessions, VIR-23787 and VIR-28212, are resistant against B. graminis at both
seedling and adult plant stages. The high-level resistance of breeding line VIR-28212 originating from barley landrace
VIR-17554 (Ep-80 Abyssinien) from Ethiopia is controlled by the recessive gene mlo11. Accession VIR-17554 is hetero-
geneous for the studied trait, with the powdery mildew resistant genotypes belonging to two varieties, dupliatrum
(an awnless phenotype) and nigrinudum (an awned phenotype). In accession VIR-23787, a recessive resistance gene
distinct from the mlo11 allele was identified. This accession is supposed to be protected by a new, effective pathogen
resistance gene.
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YCTOMuMBOCTb 00pa31i0B SUMeHs 13 JlarecTaHa
K MYYHICTOI poce

PA. Ab6ayanaes!, T.B. Ae6epeal, H.B. Aamarpesal, B.A. Baramesa?, I.H. Auucumosa! @, E.E. Papuenko!

1 DepepanbHblii NCCNEROBATENbCKUI LIEHTP BCepoCCUNCKI MHCTUTYT reHeTUYeCKnX pecypcoB pacteHnin um. H.W. Basunosa (BUP),
CaHkr-MeTepbypr, Poccun

2 DepepanbHblii NCCNEROBATENbCKUI LIEHTP BCepoCcCnnCKmin MHCTUTYT reHeTUYeCKmX pecypcoB pacteHnin um. H.W. Basunosa (BUP),
[arectaHckas onbiTHasA cTaHuua — dunuan BUP, c. BaBunoso, lep6eHT, Pecnybnvka darectaH, Poccus

@ irina_anisimova@inbox.ru

AHHoTayua. MyuyHncTtaa poca (Bo36yantens Blumeria graminis (DC.) Golovin ex Speer f. sp. hordei Marchal) - ogHo u3
cambIX pacnpocTpaHeHHbIX 3aboneBaHnil AYMeHA. Bo3aenbiBaHre YCTONUMBbBIX COPTOB MOXET CYLLECTBEHHO OrpaHu-
YUTb BPEAOHOCHOCTH NaToreHa. CneundmnyHOCTb B3aMMOAENCTBUA rpnba C pacTeHNEM-X03MHOM OOYCIOBMBAET He-
06X0MMOCTb NMOCTOAHHOIO NMOKCKa HOBbIX AOHOPOB YCTOMUYMBOCTU. HocuTenamm 3¢pGeKTUBHBIX FeHOB YCTONYMBOCTH
K MaToreHy 4acTo SIBASIOTCSA 06pa3Libl MECTHOTO AYMeHA. B noneBbIx 1 nabopaTopHbIX SKCMEPUMEHTAX OLEHWN Mo-
TeHUMan n3mMeHUYnBOCTN 264 06pa3LoB AUMeHA 13 [larecTaHa No YyCTONUMBOCTY K B. graminis n 3yunnu reHeTnyeckumin
KOHTPOJIb MPU3HaKa y Bbiaenmslumnxca Gopm. MiccnepoBanu Takxe 47 MMHUIA AUMEHSA, HECYLLMX paHee naeHTULMpo-
BaHHble reHbl YCTOMUYMBOCTM K MYUYHUCTOW poce. B TeueHme Tpex NeT ¢ ncnonb3oBaHreM 6anioBoi WKanbl SKCNepu-
MeHTaNbHbIA MaTepuasn OLEeHVBaNM Ha XeCTKOM NHOEeKLMOHHOM ¢oHe B ycioBUAX [areCTaHCKON OMbITHOW CTaHLuK
Bcepoccninckoro MHCTUTYTa FeHETUYECKMX pecypcoB pacTeHunin um. H./. Basunosa (CeBepHbliii KaBkas, r. lepbeHT), a B
KNMMaTUUYeCKo Kamepe 1CCefoBani IBEHUbHYIO YCTONUMBOCTb pacTeHUn K ceBepo-3anagHon (CaHKkT-MeTtepbypr,
r. MywKkrH) nonynaumm rpnba. leHeTUUYECKNIN KOHTPOMb YCTOMYMBOCTU K B. graminis y BbifeneHHbIX 06pa3LoB 13ydanu
NMOMOLLbIO TMBPUJONOTMYECKOrO U MONEKYIAPHOIO aHanM30B. YCTaHOBWAW, YTO reHeTMYeCKoe pa3Hoobpasune AumeHel
[arectaHa no 3¢p¢$eKTUBHOM YCTONYMBOCTU K MYyUYHUCTON poce BECbMa HEBeNMKO. Jlnwb obpasubl K-23787 n K-28212
YCTOMUMBBI K JareCcTaHCKo nonynauumn B. graminis B da3e LUBeTeHWA 1 K NeTepOyprckoii NonynaLmmn natoreHa — B dase
LBYX INCTbeB. [1Be reorpaduryeckn oueHb pa3obLyeHHble nonynAaLmm rpnba okasanucb MAEHTUYHbI MO BUPYNEHTHOCTY
K IMHUAM C paHee naeHTUULMPOBAHHBIMI FeHaMm1 YCTOMUYMBOCTM K MyUYHUCTON poce. BbicoKasa yCTONYMBOCTb cenek-
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YcTounBocTb 06pa3LoB AuMeHA 13 [larectaHa
K MyYHUCTOW poce

LMOHHON NNHWK K-28212, NONYYEHHOWN C NCNoNib30BaHMEM obpaslia MeCcTHOro AumeHs 13 dduonun K-17554 (Ep-80
Abyssinien), KOHTponMpyeTcA peLeccMBHbIM reHoMm mlo11. O6pasel K-17554 reTeporeHeH No U3y4YeHHOMY MpU3HaKy,
npwvi 3TOM YCTONYMBbIE K MYYHUCTO POCe reHOTUMbl OTHOCATCA K ABYM pa3HOBUAHOCTAM: dupliatrum (ocTnCTbI dpeHo-
™n) 1 nigrinudum (6e3ocTbin deHoTUn). Y ob6pasLa K-23787 oO6HapY»KeH peLlecCUBHDBIN FeH YCTONYMBOCTH, OTINYal0-
wuiica ot annena mlo11. NpepnonaraeTca, 4to 3TOT 06pasel 3aLuLLeH HOBbIM SGPEKTUBHBIM FEHOM YCTOMYMBOCTU K

naTtoreHy.

KntoueBble cnoBa: 06pa3Lbl MECTHOTO AuMeHs; Blumeria graminis f. sp. hordei; pnutenbHas ycToNYMBOCTD; FeHbI.

Introduction

Powdery mildew caused by the parasitic fungus Blumeria
graminis (DC.) Golovin ex Speer f. sp. hordei Marchal) is
one of the most common and harmful diseases of barley.
The pathogen predominantly affects leaves, leaf sheath, and
stems throughout the growing season. In the infected plants,
photosynthetic activity of leaves is being decreased while
water loss and respiration intensity are being increased,
which results in growth retardation, reduced tillering ability,
and decreasing seed mass and grain number per spike. Yield
reduction caused by powdery mildew can reach 30 %, with
an average of 5—-10 % across all regions (Balkema-Boomstra,
Masterbroek, 1995; Gong et al., 2013).

Selection of resistant plant genotypes is a radical and envi-
ronment friendly way to combat the disease. Unfortunately, the
pathogen is characterized by differential interaction with the
host plant genotype. This means that the ubiquitously observed
genetic uniformity of cultivated varieties creates conditions
for adaptive microevolution of the fungus.

In barley, numerous powdery mildew resistance genes
designated by various symbols have been identified, most of
them are alleles at the loci Mla and Mlo. Thus, 39 alleles at
the Mla (Mildew resistance locus a) (chromosome 1H) and
44 alleles at the Mlo (Mildew resistance locus o) locus (chro-
mosome 4H) are known (Jergensen, 1994; Seeholzer, 2009;
Reinstédler et al., 2010; Kusch, Panstruga, 2017). However,
most alleles are ineffective against the causative agent. The
allele mlo11 is practically the only effective gene that confers
durable resistance to the pathogen. Barley landraces often pos-
sess effective genes for resistance against phytopathogens. For
example, a study of 925 Ethiopian barley accessions has re-
vealed 15 accessions harboring the mlo11 allele, and 59 forms
whose resistance to B. graminis was controlled by effective
genes distinct from the mlo11 (Abdullaev et al., 2019).

Since recently, the attention of researchers is drawn to Da-
gestan, a region of ancient agriculture. In a small area, very
contrasting soil, climatic and landscape conditions are present:
from the low-lying Caspian basins to high mountains with eter-
nal snows, from the semi-desert and desert sharply continental
northern dry-steppe zones to the regions of the subtropical
type. The results of the study of US Barley Collection (USDA
National Small Grains Collection) accessions for resistance
against several pathogens and insects have shown that the
Caucasus could be considered as the “center of concentration”
of yellow rust resistant barley forms (the causative agent Puc-
cinia striiformis Westend. f. sp. hordei). In these studies, three
accessions from Dagestan were highly resistant to yellow rust
and net blotch (Pyrenophora teres (Died.) Drechsl.), as well as
moderately resistant to spot blotch (Cochliobolus sativus (Ito
et Kurib.) Drechsler ex Dastur.) and viral diseases (Bonman
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etal., 2005). Powdery mildew resistance of Dagestan barleys
has not yet been studied.

This study is aimed at evaluating variability potential of
barley accessions from Dagestan for resistance to B. graminis,
and at elucidating genetic control of the trait in the selected
resistant forms.

Material and methods

The material used in the study included 264 barley accessions

(187 spring, 76 winter, and one facultative) from Dagestan

(Supplementary 1)1, among them the landraces (228 acces-

sions) prevailed whereas only 36 accessions represented

cultivars and breeding lines. The studied forms belong to the
two subspecies: six-row barley (subsp. vulgare) and two-row
barley (subsp. distichon) and represent 29 botanical varie-
ties. Some accessions were registered in the collection of the

N.I. Vavilov All-Russian Institute of Plant Genetic Resources

(VIR) as populations involving up to five varieties. Forty-

seven barley lines carrying previously identified powdery

mildew resistance genes were also studied (Supplementary 2).

Field trials were carried out at the Dagestan Experiment
Station of VIR (DES VIR, Derbent; latitude 41°59'03.3"N,
longitude 48°19'47.7"E) in 2012-2014. Accessions were
sown in the third decade of October in the field plots of 1 m?
area, with a row to row spacing of 15 cm and row length of
1 m. Spring barley cultivar Temp (VIR-22055, Krasnodar
region) sown after each 20 accessions was used as a control.
Resistance to disease was evaluated at the heading stage and
at the milk-ripe stage and expressed as infection type (IT) in
the following scale (Loskutov et al., 2012):

IT 1 - resistance is very low — pustules cover all leaves and
internodes in abundance, including the upper ones; a
lesion can capture an ear;

IT 3—low resistance — pustules in bulk develop mainly on the
lower leaves and internodes; individual scattered pustules
are observed on the upper leaves;

IT 5 — medium resistance — a moderate number of pustules
on the lower leaves and internodes;

IT 7 — high resistance — single small pustules on the lower
leaves and internodes, pustules can be more numerous,
but small;

IT 9 — very high resistance — no pustules are visible.

To exclude the presence of known powdery mildew resis-
tance genes in barley accessions from Dagestan, the seedling
resistance test was performed. Fungal inoculum was propa-
gated on plants grown in a Barnstead 845-2 climatic chamber
at a 12-hour photoperiod and a temperature of 16 °C (day),
13 °C (night).

1 Supplementary materials 1-2 are available at
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx10.pdf
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The Northwest (St. Petersburg, Pushkin) population of the
fungus was used for inoculation. The population was collected
from a susceptible barley cultivar Belogorsky (VIR-22089,
Leningrad region). Twenty seeds of each of resistant acces-
sions and 47 barley lines carrying previously identified pow-
dery mildew resistance genes were sown on water-moistened
cotton in plastic trays, placed in a climatic chamber, and after
aweek the seedlings were inoculated through shaking conidia
on them from plants strongly affected by powdery mildew.
Infection types were scored using 0—4 point scale (Mains,
Dietz, 1930) as follows:

IT 0 — highly resistant, no mycelium evident. Chlorotic or
necrotic spots may be developed by some varieties;

IT 1 —very resistant, slight to moderate mycelial development,
but with little or no sporulation. Chlorotic or necrotic
spots may develop in some varieties;

IT 2 — moderately resistant, moderate mycelial development,
accompanied by limited sporulation. Chlorotic or ne-
crotic areas may be formed;

IT 3-moderately susceptible. Moderate to abundant mycelial
development, accompanied by moderate sporulation;

IT 4 — very susceptible. Abundant mycelial development, ac-
companied by abundant sporulation.

To specify resistance genes, we have estimated segregation
ratios in the F, hybrid populations obtained from crossing
resistant accessions with a susceptible variety (VIR-15033).
For allelic testing, the resistant accessions were crossed with
each other, as well as with near-isogenic line Ingrid mlo11.
The resistance tests were conducted in a climatic chamber.

The germinated seeds were sown on water-moistened cotton
in plastic trays. Each tray contained one row of each parental
form (P,, P,) and F; hybrid, and 7-8 rows of F, plants. At
the two-leaf stage, the seedlings were inoculated with the
Northwest pathogen population (collected near St. Peters-
burg). Hybrids from the crossings of resistant accessions
and a susceptible tester were evaluated for resistance at the
time of death of susceptible parental form. The assessment
of allelic relations among powdery mildew resistance genes
was carried out at the time of death of susceptible control
(cultivar Belogorsky) which was sown along with F, plants
in the same tray. Plants exhibiting infection type similar to
that of either the susceptible parent or the control (IT scores
of 3 or 4 according to the scale of E.B. Mains and S.M. Dietz
(1930) were classified as homozygous susceptible (S). The
resistant class (R) comprised plants similar in infection type
to the resistant parental form (IT scores of 0-1).

For identifying the mlo11 gene, the PCR markers (Table 1)
developed by P. Piffanelli et al. (2004) were used. Total DNA
was isolated from 7-day-old seedlings according to the method
of D.B. Dorokhov and E. Kloke (1997). Amplification was
carried out in a 25 pl volume reaction mixture containing
50-100 ng of genomic DNA, 1xreaction buffer, 2 mM MgCl,,
0.25 mM dNTPs, 0.25 pM of each primer, 1 U Taq DNA po-
lymerase (Dialat Ltd). PCR was conducted on a MyCycler
thermal cycler (Bio-Rad, USA). The protocol consisted of
an initial cycle of denaturation at 94 °C for 5 min, followed
by 35 cycles (94 °C for 30 s, 60 °C for 30 s and 72 °C for
1.5 min). Final extension was done at 72 °C for 10 min. Am-
plification products were analyzed by electrophoresis on 1.5 %
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Table 1. Primers used in the study (Piffanelli et al., 2004)

Primer Sequence (5'-3')
ADUP7  CTCAAGCTTGCCACCATGTCGGACAAAAAAGGG
M|O6CATCTACTACTAGCATGTACC ....................................
M|o1oGTCCTGCCACCTAAGTAGCAG ...................................

Table 2. Barley accessions exhibiting differences in powdery
mildew resistance (DES VIR, 2012-2014)

VIR catalogue Accession Infection type*

number 012 2013 2014
23737 ................ Landrace ....................................... 7 .......... 7 .......... 9 ........
256 15 ................ Dagestanx V|R173 43 ................. 7 .......... 7 .......... 5 ........
28211 ................. MutantKN||5H><p|:24 X ............ 7 .......... 7 .......... 5 ........

Ketzoraz Beta
282 12 ................ KN||5|-| 1 1/ 1 X K rasnyj Dar >< ....... 7 .......... 7 .......... 7 ........
VIR-17554
30781 ................. Dagestamku ZO |ot, StyJ ................ 7 .......... 7 .......... 5 ........
22055 ................ Temp : ( Suscept|b|e Contml) ......... 3 .......... 3 .......... 3 ........

IT according to the 0-9 point scale (Loskutov et al., 2012).

agarose gels and visualized under ultraviolet light. Fragment
size was estimated using FastRuler™ SM1113 DNA-marker
(Fermentas).

Results

In 2012-2014, the epiphytotic disease development was ob-
served at the DES VIR: the susceptible control cultivar Temp
exhibited the IT score of 3 according to the 0-9 point scale
(Loskutov et al., 2012). At a severe infection pressure, five
accessions whose IT scores did not exceed 7 points have been
initially isolated; in 2014 only two accessions (VIR-23787
and VIR-28212) were resistant (Table 2).

Forty-seven barley lines carrying previously identified
powdery mildew resistance genes were evaluated under
laboratory conditions and in the field experiments at the DES
VIR. Twelve lines have been shown to be resistant to the
pathogen in the field (Table 3). The same lines were resistant
to the Northwest population of B. graminis, i. e. there were no
significant differences in virulence between the two pathogen
populations.

Two selected accessions, VIR-23787 and VIR-28212, ex-
hibited resistance to the pathogen in the field and laboratory
experiments. According to the information documented at the
VIR Department of Oat, Rye and Barley Genetic Resources,
the landrace accession VIR-23787 is of unknown pedigree,
and line VIR-28212 originated from Ethiopian spring barley
accession VIR-17554.

Thus, a comparative analysis of infection types of powdery
mildew resistant accessions VIR-23787 and VIR-28212, and
lines resistant to the Dagestan and St. Petersburg populations
of B. graminis (see Table 3) has shown that these accessions
might be protected either by the recessive gene(s) mlo or
dominant Mla.
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Table 3. Barley accessions carrying effective genes for resistance against B. graminis
VIR catalogue  Accession Origin Infection type
number Field trials** Laboratory
*%¥%

experiments

*IL - isogenic line; ** ITaccording to the 0-9 point scale (Loskutov et al., 2012); *** IT according to the 0-4 point scale (Mains, Dietz, 1930).

Table 4. Segregation for resistance to B. graminis of the F, hybrids
obtained from crossing resistant barley accessions and susceptible testers

Cross combination Total number The ratio of phenotypes (R:S) %2 p
of plants obse,—ved ................. expec ted ...........
V|R15033><V|R23787 ..................... 244 ............................ 51193 ................... 13 ...................... 248 ..................... 010_020 ........
V|R 1 5033><V|R282 1 2 ..................... 935 .......................... 244 69 1 ................... 13 ...................... 060 ..................... 025_0 5 o ........
V|R282‘|2><V|R15033 ..................... 223 ............................ 61162 ................... 13 ...................... 065 ..................... 025_050 ........
V|R17554><V|R22089 ..................... 433 ............................ 93340 .................. 13 ...................... 287 ..................... 005_010 ........

Note. % ;= 3.84.

To determine the number of genes conferring resistance,
the F; and F, hybrids obtained from crossing resistant ac-
cessions VIR-23787 and VIR-28212 with susceptible tester
VIR-15033 were evaluated for resistance at the seedling
stage. The parental genotypes VIR-23787 and VIR-28212
were resistant to the Northwest pathogen population with the
IT score of 1, whereas F, hybrid plants were susceptible to
the pathogen (IT score of 4). Phenotypic segregation in the
F, populations fitted the expected ratio 1R: 3S (Table 4). We
suggest that accessions VIR-23787 and VIR-28212 possess
recessive genes conferring powdery mildew resistance at the
seedling stage. Analysis of F, hybrid progenies derived from
reciprocal crosses between the resistant (VIR-28212) and
susceptible (VIR-15033) accessions did not reveal an effect of
the maternal or paternal genotype on the segregation pattern
(35 =0.60 and X7 ; = 0.65).

We have also analyzed segregation for pathogen resis-
tance of the F, hybrids obtained from crossing accession
VIR-17554 from Ethiopia (a putative donor of disease resis-
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tance in the line VIR-28212) and susceptible cultivar Be-
logorsky (VIR-22089). The results indicated that accession
VIR-17554 also carries a single recessive gene for B. graminis
resistance (see Table 4).

The segregation pattern in the F, generation allows us to
suggest that B. graminis resistance of accessions VIR-28212
and VIR-17554 is controlled by the gene mlo1l. There was
no segregation in the F, hybrid progenies from the crossings
of these accessions with the mlo11 allele carrier VIR-30225
(IL Ingrid mlo11) (Table 5). This means that accessions
VIR-28212, VIR-17554 and VIR-30225 are protected by the
mloll gene.

Segregation in the F, hybrid population from a cross
between IL Ingrid mloll and accession VIR-23787 fitted
the expected ratio (7R: 9S; %3, = 0.00) for two recessive
resistance genes.

Accessions VIR-28212, VIR-17554 and VIR-23787 were
analyzed with the use of the mlo11 specific molecular mar-
kers (see Table 1). Amplification of specific 1200 and 440 bp
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Table 5. Segregation for resistance to B. graminis of the F, hybrids

Powdery mildew resistance
of barley accessions from Dagestan

obtained from crossing resistant barley accessions with IL Ingrid mlo17 (VIR-30225)

Total number
of plants

Cross combination

The ratio of phenotypes (R:S) a p

a M 7 2 3 4 5
- - -
:
L ]
-— . eme
— <— 1.2kb
b M 1 2 3 4 5
B
- -
— a
e . -‘4—440 bp
- <—380bp

Molecular marker-based assessment of powdery mildew resistant barley
plants with the use of primer pairs ADUP7-Mlo6 (a) and Mlo6-MIo10 (b).

a-the 1.2 kb fragment is specific for the mlo117 allele; b - the 380 bp fragment
is amplified in the genotypes with the wild-type Mlo allele and a fragment of
approx. 440 bp size is amplified in the genotypes carrying the mlo77 allele.
1 - susceptible control VIR-22089 (cultivar Belogorsky); 2 - line VIR-30225 with
the mlo11 allele; 3 - VIR-28212; 4 - VIR-17554; 5 - VIR-23787. M — molecular
weight marker.

fragments with primer pairs ADUP7-Mlo6 and Mlo6-Mlo10
respectively is usually an indication of the presence of the
mlol1l gene. Genotypes carrying the mlo11 allele were found
in accessions VIR-17554 and VIR-28212 (see the Figure). No
carriers of the mlo11 allele were detected among the 20 plants
analyzed in accession VIR-23787, therefore this form is pro-
tected by another resistance gene.

Discussion

The results of the study indicate a rather low level of genetic
diversity for powdery mildew resistance within the studied set
of Dagestan barley accessions. Five accessions (VIR-23787,
VIR-25615, VIR-28211, VIR-28212, VIR-30781) were select-
ed for powdery mildew resistance in 2012 and 2013. However,
in the past years their susceptibility is enhanced, which may
be due to changes of the pathogen population structure. Only
two accessions, VIR-23787 and VIR-28212, were resistant to
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the Dagestan population of B. graminis at the adult stage and
to the St. Petersburg population of the pathogen at the seedling
stage respectively. Itis interesting that two geographically very
distant populations of the fungus turned out to be identical in
virulence to the tester lines (see Table 3).

It was somewhat surprising, that accession VIR-28212
was protected by the effective resistance gene mlo1l, which
was introgressed from VIR-17554 (Ep-80 Abyssinien). This
accession, which has entered the VIR collection from the Ger-
man Gene Bank in 1949, turned out to be heterogeneous for
resistance (eight resistant plants out of the ten studied). Plants
belonging to the variety nigrinudum are most likely a result of
genetic contamination in consequence of the cross-pollination,
which is quite typical for Ethiopian barley.

Durable non-specific resistance of barley to B. graminis is
associated with mutations at the Mlo locus at the long arm of
chromosome 4 (Jorgensen, 1992). The resistance of mlo mu-
tants is associated with physiological processes which prevent
successful penetration of the pathogen into epidermal cells
of the host plant (Ge et al., 2016). Carriers of the recessive
mlo allele are characterized by leaf damage which is con-
sidered as a manifestation of premature cell death symptoms
after cell wall appositions (callose deposits on adult leaves),
observed even in the absence of the pathogen (Skou et al.,
1984). Despite a number of limitations associated with nega-
tive pleiotropic effects leading to yield decrease, the use of
mlo alleles (mostly mlo11 and, in part, mlo9) in barley breeding
programs provided durable protection against B. graminis in
the regions with temperate humid climate. Currently, 75 %
of modern spring barley varieties in Europe are protected by
the mlo genes (Dreiseitl, 2017).

The recessive B. graminis resistance gene in accession
VIR-23787 is distinct from the mloll and not associated
with negative pleiotropic effects which are characteristic of
the mlo alleles induced by chemical mutagenesis. In addi-
tion, unlike the accessions carrying recessive mlo alleles, no
symptoms of fungal damage were detected on plants of ac-
cession VIR-23787. Therefore, we assume that this accession
is protected by a new pathogen resistance gene.

Recently, a novel recessive gene conferring broad-spectrum
resistance against Blumeria graminis f. sp. hordei was found in
a spring barley line selected from a Moroccan landrace at the
Polish Plant Breeding and Acclimatization Institute (Piechota
et al., 2020). The gene designated mimr was mapped at the
long arm of chromosome 6H. In the other study performed
with the use of phytopathological testing, a new resistance
allele MILu was identified among 16 winter barley accessions
originating from four gene banks (Dreiseitl, 2019). Thus,
identification of novel genes in barley landraces can facilitate
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the broadening of the available powdery mildew resistance
germplasm. Moreover, knowledge of resistance phenotypes
can assist in determining accessions authenticity and their
genotype purity in gene banks (Dreiseitl, Zavielova, 2018).

Conclusion

The cultivation of barley varieties carrying effective genes for
resistance against B. graminis f. sp. hordei can significantly
limit the harmfulness of the pathogen. The specificity in the
interaction between the fungus and its host plant requires a
continuous search for new resistance donors. Barley landra-
ces are traditionally considered as sources of novel genes for
pathogen resistance. The present study performed under field
and laboratory conditions has revealed rather low genetic
diversity for effective resistance against powdery mildew
within the examined set of 264 barley accessions from Dage-
stan. Only two accessions, VIR-23787 and VIR-28212, were
resistant to the Dagestan population of B. graminis at the
adult stage and to the St. Petersburg population of the patho-
gen at the seedling stage. Accession VIR-28212 is protected
by the effective resistance gene mlol1l, which was probably
introgressed from accession VIR-17554 (Ethiopia). Acces-
sion VIR-23787 has another recessive B. graminis resistance
gene which is distinct from mlo11 and does not have negative
pleiotropic effects typical for other mlo alleles obtained by
chemical mutagenesis.
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The implication of leaf anatomical structure
for the selective breeding of lilacs
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Abstract. The cultivars of the common lilac (Syringa vulgaris) grown in the south of the Russian Far East are not always
winter-hardy and are often damaged by fungal diseases due to a very humid climate. A promising trend in the selective
breeding of lilacs in Russia is the creation of new breeding material based on the gene pool of the broadleaf lilac (S. oblata)
and its hybrids in order to introduce valuable adaptive traits into cultivars. The present work aimed to identify the traits of
leaf anatomy in species and cultivars of Syringa resistant and susceptible to Pseudocercospora lilacis, the causative agent
of brown leaf spot disease. The study was carried out on the living collection of the Botanical Garden-Institute, Far Eastern
Branch, Russian Academy of Sciences (Vladivostok). The leaf anatomical structure of two Syringa species showing different
degrees of resistance to P, lilacis in the monsoon climate of the Far East (resistant S. oblata and weakly resistant S. vulgaris,
and also their hybrid cultivars) has been analyzed. The differences between species, subspecies, and cultivars are quantita-
tive: they differ in the number of spongy mesophyll layers, the cell height in the first layer of palisade mesophyll, the cell
height in the upper and lower epidermises, and the thickness of both mesophylls. The interspecific hybrids resistant or
weakly resistant to P, lilacis (brown leaf spot disease) mainly retain the leaf anatomy structure of the maternal plant. One of
the traits determining the resistance of hybrid lilac cultivars is an increased number of spongy mesophyll layers in the leaf
blade. The study of leaf anatomy has shown that the four-layered spongy mesophyll leaf parenchyma correlates with the
resistance of lilacs from the subsection Euvulgaris to P. lilacis. In S. oblata, this trait is inherited down the maternal line. To
establish lilac cultivars resistant to fungal diseases, it is advisable to cross the two species (S. oblata and S. vulgaris) or their
cultivars using one of S. oblata subspecies as a maternal plant.

Key words: Syringa oblata; Syringa vulgaris; Pseudocercospora lilacis; leaf anatomical structure; adaptation; interspecific
hybridization.
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3HaueHle aHaTOMMYECKOTO CTPOEHMS JIMCTA B CeIeKIINI CUpPeHeli

A.M. IMiienHMKoBa

BoTtaHnuecknn cag-mHcTUTyT [lanbHeBOCTOUHOrO OTAeNeHmA Poccninickor akagemun Hayk, BnagusocTtok, Poccua
® pshennikoval@yandex.ru

AnHoTayuma. CopTta cpeHn 06bIKHOBEHHOW (Syringa vulgaris) Ha tore poccuinckoro anbHero Boctoka He Bcerga 3MMoCTON-
K1, MOBPEXAAlOTCA rpUOHbIMM 60Ne3HAMU, YTO CBA3AHO C M3ObITOYHONM BNaXKHOCTbIO KvMmaTta. MepcnekTMBHbIM Hanpas-
NeHneM OTeYEeCTBEHHON CeNeKLUn CMpeHel ABNAETCA Cco3faHne HOBOro CeneKkLVOHHOro MaTepurana C UCnosib3oBaHneM
reHodoHpa Syringa oblata n ee rn6prAOB ANA BBEAEHUA B KyNbTypHblE COPTa LieHHbIX afanTUBHbIX MPU3HaKoB. Llenbto pa-
60Tbl 6bII0 BbIABIEHME aHATOMUYECKIX OCOBEHHOCTE NNCTLEB BUAOB 11 COPTOB pofaa Syringad, yCTOMYMBBIX 1 BOCMIPUUMYN-
BbIX K BO306yauMTENt0 OypOoii IMCTOBOW NATHUCTOCTY Pseudocercospora lilacis. iccnegoaHma npoBefieHbl Ha KOMEKLMOHHOM
maTtepuane oTKpbITOro rpyHTa botaHnueckoro capga-nHctutyta [1BO PAH. MpoaHann3npoBaHO aHaTOMUYeCKoe CTpoeHme
NNCTa ABYX BUAOB Syringd, pasnunyaloLlmxcs no yctonumsoctu K P, lilacis B MyccoHHoM KnumaTte JanbHero BocToka: ycTom-
ymBoro S. oblata n cnaboycTonumnsoro S. vulgaris, a Tak»ke rmbpULHbIX COPTOB, MOMTYUYEHHbIX Ha X OCHOBE. Pasnnumna mexagy
BMAAMK, NOABMAAMUN N COPTaMUN HOCAT KONMUYECTBEHHDBIV XapaKTep: YNCSIO PAAOB rybuyaToll mapeHXrMbl, BbICOTa KEeTOK
nepBoro pAfa NannmcagHom NapeHxrMmbl, BbICOTa KIETOK BEPXHEN 1 HVXKHeN SnraepMbl, TOMLWMHA NanncagHoro 1 rybyaro-
ro cfios. YcTonumeble 1 ManoycToiumeble K P, lilacis mexxBrpoBble rmbpugbl NpenmMyLLecTBEHHO COXPaHAIT aHaTOMMYeCKoe
CTPOEHUE NINCTa MaTEPUHCKOTO pacTeHns. OgHMUM U3 onpefensioLnX NPU3HAKOB YCTOMYMBOCTU MTMOPULHBIX COPTOB CHUpe-
Hel ABNAETCA MOBbILEHHOE KOMMYeCTBO PALJOB rybyaTort napeHxXyMbl JIMCTOBOW MAACTUHKM — NPU3HaK, Nepeaalowmninca
ot S. oblata no matepuHckom nMHKUK. Co3haHne yCTONUMBBIX K rPUOHbIM 3ab60neBaHAM COPTOB CUPeHelt LieniecoobpasHo
NPOBOAWTb MyTeM CKpeLuvBaHMA BMAOB S. oblata n S. vulgaris nnn nx copTos, NCMOMb3yA B KayecTBe MaTepPUHCKOro pac-
TeHVA o4uH 13 noaBuAaos S. oblata. B xofe nccneposaHna aHaTOMUY INCTa YCTaHOB/EHO, UTO rybuaTas TKaHb 13 YeTblpex
PALOB KOPPENMpyeT C YCTOMYMBOCTbIO CUpeHeid 13 noacekumm Euvulgaris Schneid. k P. lilacis Ha tore MprMopckoro Kpas.
DTOT Npu3Hak nucTa S. oblata nepepaeTcs No HacNefCTBY NO MATEPUHCKON IMHWN.

KntoueBble cnosa: Syringa oblata; Syringa vulgaris; Pseudocercospora lilacis; aHaTomuyeckoe cTpoeHne NUCTa; aganTauums;
MeXXBUAoBasA rmopransauma.
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Introduction

The use of new cultivars that are resistant to pathogenic biota
is a solution to problems of not only economic, but also envi-
ronmental significance. Lilac species and cultivars have long
been recognized as valuable ornamental plants. However, the
habitat and climatic conditions of Vladivostok and its suburbs
are very specific (Agroclimatic Resources..., 1973), which
becomes a serious obstacle to the introduction of many exotic,
alien trees and shrubs in southern Primorsky Krai, Russia, and
their outdoor cultivation. The present study was conducted
to extend our knowledge about the mechanisms of plant
adaptation to the specific climate in the south of the Russian
Far East such as, in particular, the mechanisms of protection
against adverse biotic factors of the environment shown by
some cultivars from the subsection Euvulgaris Schneid. of
the genus Syringa L. There are a number of works published
by various botanical institutions that elucidate the species
composition of the pathogenic biota associated with the ge-
nus Syringa (Khomyakov, Tereschenko, 2000; Tomoshevich,
Vorobjova, 2010; Chervyakova, Keldish, 2018; Pavlenkova,
2018; Polyakova, 2018, etc.). We could not find any studies
that consider the factors of lilacs’ resistance or susceptibility
to fungal diseases, and there is also a lack of recent data on
the mechanism of lilacs’ resistance to fungal diseases.

According to our observations (Pshennikova, 2007, 2018),
the most resistant cultivars in southern Primorsky Krai are
those from the garden group Hyacinthiflora, which have been
obtained through interspecific hybridization of S. oblata and
S. vulgaris, freely interbreeding with each other. However,
this group also includes cultivars that differ in the degree of
susceptibility to pathogenic fungi.

The broadleaf lilac, Syringa oblata Lindl., is an introduced
plant in Primorsky Krai, brought by S.I. Elovitsky from China
in the early 20th century (Vasilyuk et al., 1987). In nature,
it is found in the northern part of Northeast China (Saakov,
1960; Mei-chen et al., 1996). Currently it is often used for
decorating the landscape of the city of Vladivostok and other
populated areas of Primorsky Krai. This species is resistant not
only to the winter conditions of the region, but also to pests
and fungal diseases, and, apparently, has immunity acquired
during the evolution in similar climatic conditions of China.
Some interspecific hybrid cultivars possess this resistance
(Pshennikova, 2007, 2018).

The common lilac, Syringa vulgaris L., a species close to
S. oblata, is winter-hardy in the conditions of Primorsky Krai.
It was introduced into Primorsky Krai in the mid-20th century,
probably, from Chernigov Oblast, Ukraine (Vasilyuk et al.,
1987). Under the continental climate of its natural habitats in
highlands (cretaceous slopes on the Balkan Peninsula), this
plant has developed a high drought resistance and tolerance to
sudden temperature variations. However, for the same reason,
it has not formed mechanisms of protection from high humi-
dity characteristic of the climate in southern Primorsky Krai,
which is one of the factors responsible for the high prevalence
of pathogenic fungi damaging the species and its cultivars.
The lilac brown leaf spot disease (Bunkina et al., 1971) causes
especially serious damage to this lilac, resulting in loss of
decorative appearance of bushes and premature leaf fall.
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The features of leaf anatomical structure in pathogen-re-
sistant species and cultivars are considered to be the primary
barriers or passive immunity factors (Vavilov, 1964; Shkalikov
etal., 2005; Plotnikova, 2007; Shestakova, 2010, 2013). Leaf
traits (pubescence, the thick cuticular layer, the thick epider-
mis, and also the anatomical specifics of mesophyll) have a
significant effect on plant immunity (Furst, 1968; Pautov et
al., 2002; Sokolova, 2010; Motyleva, Dzhigadlo, 2012). The
first data on specifics of the leaf apparatus structure in hybrid
cultivars of ornamental woody plants in the literature date
back to the 1970s—1980s (Eremin, Novikova, 1976; Novikova,
1976, 1982; Pham van Nang, 1976; Turovsky et al., 1978;
Bykova, 1979).

The present study aimed to identify the features of leaf
blade anatomical structure in the Syringa species and cul-
tivars, bred on the basis of S. oblata and S. vulgaris, which
differ in the degree of resistance to Pseudocercospora lilacis
(Desm.) Deighton.

Materials and methods

Atotal of 22 representatives of subsection Euvulgaris Schneid.
of the genus Syringa L. (Table 1) from the live collection
grown on open-air plots of the Botanical Garden-Institute, Far
Eastern Branch, Russian Academy of Sciences (BGI FEB
RAS), located in the coastal zone of southern Primorsky Krai,
were used as objects of the study. The material was collected
from 2016 to 2019.

The degree of resistance of lilac species and cultivars to
P. lilacis was scored on a 5-point scale for ornamental culti-
vated plants (Tamberg, Ulyanova, 1969), which we adapted
for the genus Syringa (see Table 2): (1) no disease or up to
10 % of leaf surface of the plant damaged; (2) up to 25 % of
leaf surface damaged; (3) up to 50 % of leaf surface damaged;
(4) up to 75 % of leaf surface damaged; (5) over 75 % of leaf
surface damaged.

To analyze mesophyll, five leaf blades were used. The third
leaf from the base of a vegetative shoot, completely grown,
was sampled from the southern aspect of crown. Leaves were
fixed in 70 % ethyl alcohol. Cross-sections through the middle
part of a leaf blade between the midrib and the leaf edge were
cut on a freezing microtome, stained with a safranin solution,
and embedded in glycerol/jelly. The sections were examined
under a Zeiss Axioplan 2 Imaging microscope (Carl Zeiss,
Germany) using the AxioVision 4 software. The data obtained
were processed in the MS Excel package.

The following anatomical characters of a leaf were con-
sidered: leaf thickness, height of upper and lower epidermis,
thickness of palisade mesophyll, thickness of spongy meso-
phyll, number of layers of spongy and palisade mesophylls,
and size of cells in the 1st and 2nd layers of palisade mesophyll
in hybrid cultivars (Fig. 1). The study was conducted at the
Center for Collective Use “Microtechnical Laboratory”, BGI
FEB RAS, and “Bioresourse Collection”.

Statistical analysis was carried out using the STATISTI-
CA 6.0 software package. The data were tested for normali-
ty of distribution using the Shapiro—Wilk W-test (Shapiro,
Wilk, 1965). To search for a statistical relationship between
the variables, a correlation analysis was performed using
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Table 1. Objects of study
N

Species/subspecies/cultivar, Author Cultivar's parents Year of cultivar’s creation

1 ‘Neizvestnyi Soldat' (Unknown Soldier'), Pshennikova S. vulgaris ‘Bogdan Khmelnitsky’ x 2017
S. oblata subsp. oblata
12 'Neznakomka' (Stranger Woman'), Pshennikova ~ S.oblatasubsp. oblatax S. vulgaris 2008
13 'Bogdan Khmelnitsky, Rubtsov, Zhogoleva, Lyapunova ~ S.vulgarisx? 1954
14 ‘Capitaine Baltet, Lemoine  Svigarisx? 91
15 .......... ' Char|esjo|y|_emo.ne5vu/ga,,5><7 .................................................. 1396 ......................................
16 'MmeFlorent Stepman; Stepman-Demessemaeker  S.vulgarisx? 1908
17 'RomanceHavemeyeretEaton  Swigarisx? 1954
13 ......... : BuﬁonLemomeSthacmthlﬂom .......................................... 1921 .......................................
19 CEstherStaley,Clake ~ Sxhyacinthifiora 1048
20 ‘Pocahontas,Skinner  Sxhacnthifiora 935
21 .......... : TomTay|er5kmnerSthacmth,f/om .......................................... 1962 ......................................
22 'Dalnevostochnitsa’ (Far Eastern Woman), Pshennikova ~ ‘Olimpiada Kolesnikova'x? - 018

the Spearman Rank Order Correlations (Fieller et al., 1957).
Linear measurements of leaf blade tissues were assumed to
be independent variables. Degree of resistance of a species/
cultivar to P. lilacis was assumed to be a dependent variable.
According to the W-test, the distribution of analyzed data dif-
fered from the normal one (p-value < 0.05). Measurements
for each representative were made in 20 to 30 replicates; the
total number of observations was 454.
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Results and discussion

Long-term observations on the species and cultivars of the
genus Syringa made it possible to arrange them in the order
of increasing degree of their leaves’ resistance to P. lilacis
(Table 2).

The first group included two subspecies of S. oblata and
their hybrid cultivars. Subspecies of S. oblata differ in the
shape and size of leaf blade. The study of the leaf anatomy
of S. oblata and S. vulgaris allowed identification of the dis-
tinguishing traits of these species (Fig. 2, Table 3).

According to the data obtained, the species S. oblata
resistant to P. lilacis differs from the non-resistant species
S. vulgaris by an increased number of spongy mesophyll lay-
ers. The subspecies of S. oblata differ from one another in the

Fig. 1. A leaf cross-section from the lilac cultivar ‘Neizvestnyi Soldat"

The letter designations are as follows: ue, upper epidermis; pp, palisade me-
sophyll parenchyma; sp, spongy mesophyll parenchyma; le, lower epidermis.
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thickness of leaf blade and the height of palisade mesophyll
cells. S. oblata subsp. oblata has cells of the upper layer of
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Table 2. The degree of resistance of the Syringa varieties and species to the fungal diseases Pseudocercospora lilacis

Degree of stability Taxa and cultivars
1 No disease or up to 10 % of leaf surface of the S.oblata subsp. oblata, S. oblata subsp. dilatata, S. oblata var. alba, 'Wan Hua Zi,
plant damaged ‘Xiang Xue, ‘Luo Lan Zi;, “Tom Tayler, ‘Pocahontas;, ‘Maiden’s Blush; ‘Vechernii

Vladivostok; ‘Dal'nevostochnitsa; ‘Neznakomka, ‘Neizvestnyi Soldat’

100 um ; 100 pm

Fig. 2. Leaf cross-sections from the following lilacs:

a, S. vulgaris; b, S. oblata subsp. oblata; ¢, S. oblata subsp. dilatata; d, S. oblata var. alba.
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Table 3. Characteristics of leaf cross-sections from species of the genus Syringa

Taxon Epidermis cell length, um Palisade mesophyll Spongy mesophyll Leaf
........................................................................................................................................................................... thickness,
upper lower Thickness, Number Cell length, um Number Thickness, pm
um Of layers e oo of layers um
1st layer 2nd layer

S. oblata subsp. oblata 249+0.7 19.8+0.6 209.9+50 2(3) 140.5+1.0 64.7+13 4(5) 88.6+24 351.8+3.0
S.oblata subsp. dilatata  26.1£0.6  17.9+0.5 804+22 2 466+t13 384+15 3-4 509+14 1837128
S. oblata var. alba 263+0.7 18.3+0.5 103.6£1.2 2 63.5+08 41.7+£0.7 4(5) 61.9+£09 2128+£1.3
S. vulgaris 26.8+0.9 18.6+0.7 110.1£58 2(3) 69.5+19 44310 3 55415 2196+19
Table 4. Characteristics of leaf cross-sections from the S. oblata cultivars
Cultivar Epidermis cell length, um Palisade mesophyll Spongy mesophyll Spongy

............................................................................................................................................................................. mesophyll

upper lower Thickness, Number Celllength, um Number Thickness,
um Of layrs e of layers pm
1st layer 2nd layer

'Vechernii Vladivostok'  24.9+0.9 18.2+0.5 233.6+33 2(3) 142.6+9.1 702+24 4(5) 102.2+4.1 391.7+3.9
‘Neznakomka' 19.2+£0.6 16.7£04 1448+25 2(3) 927+18 513+x14 4 79.6£2.1 262.0+3.5
‘Luo Lan zZi’ 34.8+1.0 20.7£0.5 141636 2 88.8+4.8 449+09 4(3) 495+1.6 245919
‘Maiden’s Blush'’ 29.6+0.9 19.5+£0.5 1203+1.5 2 774411 428+08 4(3) 585+1.1 2258+1.8
‘Xiang Xue' 229+0.5 20.7£0.6 888+t1.2 2 50.8+£0.9 39.4+08 4(3) 61.2+1.3 1924+1.7
‘Wan Hua Zi' 239+0.7 19.9+0.7 188.8+3.1 2(3) 1154+£2.0 55109 4 849+1.9 312.8+3.2

palisade mesophyll almost twice as large as the second layer
cells. The revealed difference may be a systematic trait of
S. oblata subsp. oblata on the anatomical level. In S. oblata
subsp. dilatata, the heights of the layers of palisade mesophyll
cells are either equivalent, or the first layer is slightly, almost
1.2-fold, larger than the second one (see Fig. 2, ¢). This subspe-
cies has upper epidermis cells as large as those in S. vulgaris.

We found that the thickness of leaf epidermis and meso-
phyll in the species under study are not related to resistance
against P. lilacis (see Table 3). Thus, the height of the upper
epidermis cells in the weakly resistant species S. vulgaris is
greater than that in the fungus-immune subspecies S. oblata
subsp. oblata, or the ratio of the 1st and 2nd layers of pali-
sade mesophyll in S. vulgaris is the same as in the subspecies
S. oblata subsp. dilatata resistant to the fungal pathogen. The
number of palisade mesophyll layers is not a constant trait
in these species and can vary from 2 to 3. The subspecies
S. oblata subsp. dilatata has the leaf anatomical traits close
to those of S. vulgaris and S. oblata subsp. oblata.

The following group of lilacs combines cultivars obtained
through hybridization of two species, S. oblata (maternal spe-
cies) and S. vulgaris. The cultivars ‘Vechernii Vladivostok’,
‘Neznakomka’, ‘Luo Lan Zi’, and “Wan Hua Zi’ repeat the
structural features of S. oblata subsp. oblata; they do not differ
in the number of layers of palisade and spongy mesophylls
(Table 4, Fig. 3, a—d); these cultivars are resistant to P. lilacis.
It has been found that the S. oblata cultivars are distinguished
by the height of the upper and lower epidermises, the thick-
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ness of palisade and spongy mesophyll parenchyma, and the
leaf thickness. The resistant cultivars are characterized by
the increased number of spongy mesophyll layers, 4 or more.

The cultivars ‘Xiang Xue’ and ‘Maiden’s Blush’ are also
resistant to P. lilacis. Their leaf anatomical structure is charac-
teristic of S. oblata subsp. dilatata. Their spongy mesophyll is
mostly 4-layered, but 3 layers are also observed sometimes.

Another group under study combined the cultivars with
both parents being S. vulgaris: ‘Capitaine Baltet’, ‘Charles
Joly’, ‘Mme Florent Stepman’, ‘Romance’, and ‘Bogdan
Khmelnitsky’, which proved to be non-resistant to P. lilacis
to varying degrees. Their leaves are medium in thickness, the
palisade mesophyll is 2-layered, and the spongy mesophyll is
3-layered. In ‘Bogdan Khmelnitsky’, the spongy mesophyll
consists sometimes of 4 layers of cells (see Fig. 3, /). This
can apparently be explained by the fact that the species S. ob-
lata was used for breeding the parental cultivars of ‘Bogdan
Khmelnitsky’ at some stage in the past. Compared to the other
S. vulgaris cultivars, this one is more resistant to the fungal
pathogen. The cultivars differ in the height of cells of upper
and lower epidermises and in the thickness of palisade and
spongy mesophylls. The leaf structure is typical of S. vulgaris
(Table 5).

The following group of lilacs combined hybrid cultivars re-
ferred to as Hyacinthiflora, or hyacinth lilacs. These are the
cultivars ‘Olimpiada Kolesnikova’, ‘Dal’nevostochnitsa’,
‘Neizvestnyi Soldat’, ‘Buffon’, ‘Esther Staley’, etc. (see
Table 1). Plants from this group are distinguished both by
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Fig. 3. Leaf cross-sections from lilacs of the following cultivars:

a,'Vechernii Vladivostok’; b,'Wan Hua Zi’; ¢,'Maiden’s Blush'’; d,’'Neznakomka'’; e, ‘Olimpiada Kolesnikova’; f,'Bogdan Khmelnitsky"

leaf anatomical structure (Table 6) and by their resistance
to P. lilacis. In Russian literature, the cultivar ‘Olimpiada
Kolesnikova’ is attributed to the group of S. vulgaris cultivars
(Rubtzov et al., 1980; Okuneva et al., 2008). According to the
literature data, the cultivar ‘Berryer’ (S. oblata x S. vulgaris)
was involved in breeding this cultivar. The mesophyll is

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

S-layered, consisting of 2 layers of palisade and 3(4) layers
of spongy mesophylls. By its resistance to P. lilacis, the cul-
tivar is placed in group 2 (see Table 2). The cultivar ‘Esther
Staley’ bred by American lilac breeders (parents are unknown)
is non-resistant to P. lilacis. The cultivar ‘Ester Staley’ was
probably obtained on the basis of S. vulgaris. The mesophyll
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Table 5. Characteristics of leaf cross-sections from the S. vulgaris cultivars

Cultivar Epidermis cell length, um Palisade mesophyll Spongy mesophyll Leaf
....................................................................................................................................................................... thickness,
upper lower Thickness, Number Thickness, Number pm
um of layers pum of layers

Table 6. Characteristics of leaf cross-sections from lilacs of the Hyacinthiflora group

Cultivar Epidermis cell length, um Palisade mesophyll Leaf

................................................................................................................................................................... thickness,

Table 7. Spearman’s coefficient of correlation between the leaf characters and the resistance to Pseudocercospora lilacis

Leaf character N R t p-value
\Upperepidermis vs. Degree of resistance 54 0013074 02780 0781154
Lower epidermis vs. Degree of resistance 4 0019263 0400 0682200
palisade mesophyll thickness vs. Degree of resistance 4 0001657 9569 0050975
Number of palisade mesophyll ayers vs. Degree of resistance 454 000622 - o301 052974
Number of spongy mesophyll layers vs. Degree of resistance 454 - 0555699 142104 0000001
‘Spongy mesophyll thickness vs. Degree of resistance 4 008454 06052 0sas361
Leafthickness vs. Degree of resistance. 4 0076463 6304 0103712

Note. N, number of observations; R, Spearman’s correlation coefficient; t, value of the Student’s t-test for the number of degrees of freedom of n-2; p-value,
probability of error for the null hypothesis that there is no relationship between the characters.

structure in the cultivar ‘Neizvestnyi Soldat’ is similar to that
described above, but it proved to be resistant to P. lilacis. Some
cultivars of this group (‘Dal’nevostochnitsa’, ‘Tom Tayler’,
and ‘Pocahontas’) are resistant to P. lilacis and have mainly
4-layered spongy mesophyll. It is likely that the resistance of
the cultivars from the Hyacinthiflora group is related to the
amount of genetic material obtained from parents. The 4-layer-
ed spongy mesophyll is not a trait of passive immunity, but
rather serves as a marker of the presence of genetic material
from S. oblata in the hybrid.
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A statistical analysis (Table 7) showed the relationship be-
tween the number of spongy mesophyll layers and the degree
of plants’ resistance to P. lilacis (p-value < 0.001).

We have found that the more layers the spongy mesophyll
includes, the higher the resistance to P. lilacis (see Table 2).
‘We have not observed any correlation relationship between the
other leaf characters and the degree of resistance to P. lilacis.

The cultivars that are non-resistant to P. lilacis have the
leaf anatomical structure similar to that of S. vulgaris. Thus,
the number of spongy mesophyll layers can be used to predict
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the resistance of new lilac cultivars in the climatic conditions
of southern Primorsky Krai.

According to our data, a characteristic structural feature of
S. oblata and all cultivars resistant to P. lilacis is the 4-layered
spongy mesophyll parenchyma. The cultivars of S. oblata
subsp. oblata are similar in the ratio of heights of the first
and second layers of palisade mesophyll parenchyma. The
increased number of spongy mesophyll layers (4 or more)
correlates (see Table 7) with the resistance to fungal disease.
On the other hand, hybrids S. vulgarisx S. oblata, in which
4-layered spongy mesophyll is sometimes found, can be both
resistant and non-resistant to P. lilacis. Our conclusions drawn
from the examination of the leaf blade anatomical structure
in lilacs are consistent with those published by Chinese breed-
ers (Zang et al., 1983; Shuying et al., 1995). These authors
reported that the inheritance of maternal traits dominates in
hybrid offspring of S. oblata xS. vulgaris.

We have also found that the examination of leaf anatomy
allows identification of the parents of Syringa hybrid offspring
on the species level, because lilac cultivars retain the structural
plan of the maternal plant. In members of the genus Cerasus
Mill. (Motyleva, Dzhigadlo, 2012; Shestakova, 2013), there
is a clear relationship between the primary leaf barriers and
resistance to another fungal disease, coccomycosis. Contra-
dictory data were obtained by Turovsky with co-authors (Tu-
rovsky et al., 1978), who explain the resistance of cherry tree
to a fungal pathogen by the functional features of the host
plant. We have established that the structural elements of the
leaf anatomical structure (such as the thickness of epidermis
and mesophyll) in the studied taxa of the genus Syringa are
not the primary defense against infection.

Conclusion

Certain traits of the leaf blade anatomical structure in lilacs
from the subsection Euvulgaris Schneid. of the genus Syringa,
such as, in particular, the spongy mesophyll parenchyma con-
sisting of 4 layers, can be considered an indicator of the degree
of their resistance to Pseudocercospora lilacis in southern
Primorsky Krai. For creating lilac cultivars resistant to fungal
diseases, it is expedient to cross two species (S. oblata and
S. vulgaris) or their cultivars, using one of the subspecies
of S. oblata as a maternal plant. With free pollination, only
seeds from resistant cultivars should be taken. The difference
in the mesophyll anatomical structure observed in S. oblata
subsp. oblata and S. oblata subsp. dilatata can be used as an
additional diagnostic trait.
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Abstract. Spring bread wheat is the staple crop in Western Siberia and Kazakhstan, a significant portion of which goes for
export. Wheat breeding with a high level of zinc in wheat grain is the most cost-effective and environmentally friendly way
to address zinc deficiency in the diet. The purpose of this work was to evaluate the contribution of the factors ‘location’and
‘genotype’in the variability of zinc content in wheat grain, and to identify the best varieties as sources of this trait for breed-
ing. The research on screening zinc content in the wheat grain of 49 spring bread wheat varieties from the Kazakhstan-
Siberia Spring Wheat Trial (KASIB) nursery was carried out at 4 sites in Russia (Chelyabinsk, Omsk, Tyumen, Novosibirsk)
and 2 sites in Kazakhstan (Karabalyk and Shortandy) in 2017-2018. The content of zinc in wheat grain was evaluated at the
lonomic Facility of University of Nottingham in the framework of the EU project European Plant Phenotyping Network-2020.
The analysis of variance showed that the main contribution into the general phenotypic variation of the studied trait,
38.7 %, was made by the factor ‘location’ due to different contents of zinc and moisture in the soil of trial sites; the effect of
the factor ‘year’ was 13.5 %, and the effect of the factor ‘genotype’was 8.0 %. The most favorable environmental conditions
for accumulation of zinc in wheat grain were observed in the Omsk region. In Omsk, the average zinc content in all studied
varieties was 50.4 mg/kg, with 63.7 mg/kg in the best variety ‘OmGAU 100" These values are higher than the target values
of the international program Harvest Plus.’Novosibirskaya 16'(49.4 mg/kg),Silach’ (48.4 mg/kg), Line 4-10-16"(47.2 mg/kg),
‘Element 22’ (46.3 mg/kg) and ‘Lutescens 248/01' (46.0 mg/kg) were identified as being the best varieties. Significant possi-
bilities for the production of wheat grain with high zinc content, which is in demand for the production of bread and pastry
products with functional properties, were identified in the Western Siberian region.

Key words: variety; grain of wheat; zinc; protein; ecology.
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Variability of zinc content in the grain
of wheat varieties of nursery KASIB

AHHOTauumA. ApoBas MArkas nieHnLa ABNAETCA OCHOBHON KynbTypol B 3anagHon Cnbupu n KasaxctaHe, rae 3Ha-
ynTenbHaA [ONA MPOMN3BOAMMOrO 3epHa UAeT Ha dKCnopT. Cenekuma NeHULbl Ha NOBbILEHHOE CoflepXKaHNe LiHKa
B 3epHe — Hambonee peHTabenbHbIN 1 SKOMOTUYHbIN CMOcob pelleHrs Npobnembl AedULmnTa LHKa B paLMoHe nu-
TaHuA. Llenb HacTosAwel paboTbl — YCTaHOBUTb BKJ1aZ GaKTOPOB «MYHKT» U «TeHOTUM» B U3MEHUYMBOCTb COAEPKaHNsA
LMHKa B 3epHe MLUEHNLbl 1 BbIAENNTb Jyyllne copTa B KauecTBe MCTOYHMKOB AAaHHOTO Mpu3Haka Ana cenexkumm. Uc-
cnefioBaHNA N0 CKPUHWHIY HAaKOM/IeHVA LMHKA B 3epHe MNiueHnLbl 49 COPTOB APOBOIN MArKON MLUEHNLbl U3 MUTOM-
Huka KACK/B-18 npoBeaeHbl B yeTbipex nyHKTax Poccnm (YensabrHck, Omck, TiomeHb, HOBOCMOUPCK) 1 ABYX NMYHKTaX
KazaxcTtaHa (Kapabanbik 1 WopTaHabl) B TeueHne 2017-2018 rr. CofepaHue LMHKa B 3epHe onpefensnm Ha ¢a-
KyfibTeTe MOHOMUKN YHBepcuTeTa r. HoTTuHrem B pamkax npoekta EPPN-2020. Pe3ynbtaTbhl ANCNEPCMOHHOrO aHa-
nn3a nokasanu, YTo OCHOBHOI BKNaf B obLlee GeHOTUMMYECKOe BapbrpOBaHe Npri3HaKa BHOCUIT GaKTOpP «MyHKT»
(38.7 %) BCneacTBUe Pa3HOTO CoAePKaHMA LMHKa B MOYBE 1 BNaroobecneyeHHOCTY B NMyHKTAX NCMbITaHUSA; BINAHWE
baKToOpOB «rof» 1 «reHoTUM» coctaBmno 13.5 n 8.0 % cooTBeTCcTBEHHO. Hanbonee 6naronpurATHble SKONOrMyeckme
YCNOBUs AN1A NOSTyYeHWs 3epHa MNWEHMULbI C MOBbILLEHHbIM COAePXKaHMEM LIMHKA CNOXMIMcb B OMcKol obnactu, rge
B CpPefjHEM MO BCEM COPTaM COflepKaHMe LiMHKa 6bino paBHO 50.4 Mr/Kr, a y nydwero copta OMIAY 100 - 63.7 Mr/Kr.
OTr nokasaTenu Bbllle LieNeBblX 3HaUYEeHU MeXXAyHapoAHOW nporpammbl Harvest Plus. BoigeneHbl nyywve copta -
HoBocunbupckas 16 (49.4 mr/kr), Crnay (48.4 mr/kr), lunua 4-10-16 (47.2 mr/kr), dnemeHT 22 (46.3 mr/kr) n Jliotec-
LeHc 248/01 (46.0 mr/kr). B 3anagHo-Cnbupckom pernoHe BbifBEHbI 3HaUMTeNIbHble NOTeHLMaNbHble BO3MOMXHOCTY
NPOU3BOACTBA 3ePHa MLUEHNLbI C MOBbILWEHHbIM COAEPKaHMEM LIMHKA, BOCTPEOOBAHHOTO /A NonyyeHus xneba u

KOHOUTEPCKNX MPOAYKTOB C d)yHKLl,VIOHaﬂbeIMVI CBOWICTBAMW.
KnioueBble cnosa: COpPT; 3€pPHO NweHnubl; UNHK; 6en0|<; 3Konorua.

Introduction

Wheat remains one of three crop commodities (along with
maize and rice) contributing to global food security. Global
wheat production has been increasing at a steady annual rate
of 1-2 % to meet the growing population demand. According
to FAO (http://www.fao.org/faostat/en), in Russian Federa-
tion, area under wheat has grown from 23.9 min ha in 2014
to 26.5 min ha in 2018 (+10.9 %), grain yield — from 2.50
to 2.72 t/ha (+8.8 %) and the total production — from 59.7
to 72.1 min t (+20.7 %). The grain exports have increased
more than two times and exceeded 35 min t in 2019 and over
38.5miIn tin 2020. At present, wheat production in the world
satisfies the demand and more attention shall be paid to wheat
grain quality.

One of the pioneering works on this subject is European
Union Project HEALTH GRAIN. The project was implement-
ed in 2005-2010 and laid out the foundation for the studies
for improving grain wheat nutritional value: protein content
and composition, carbohydrates, vitamins, micronutrients and
phytochemicals (Bjorck et al., 2012). Unfortunately, in Russia,
the work on functional properties of wheat grain is limited
to the study of purple wheat and its products in the Institute
of Cytology and Genetics (Khlestkina et al., 2019; Gordeeva
et al., 2020). The enhancement of functional properties and
nutritional value of wheat grain products will have beneficial
effect on human health and immune status, especially in con-
nection with threats similar to coronavirus pandemic.

Wheat biofortification was started in mid-2000s by Harvest
Plus consortium (https://www.harvestplus.org/what-we-do/
crops) and made tremendous progress. The grain zinc concen-
tration of new biofortified wheat varieties increased by 40 %
(+12 mg/kg) compared to commercial varieties (Velu et al.,
2011; Singh R., Velu, 2017).

Recent results obtained from Harvest Plus and Harvest Zinc
projects in China, India, Mexico, Pakistan, South Africa, and
Turkey indicate positive effects of foliar-applied Zn (zinc)
alone, and a micronutrient cocktail solution containing
I (iodine), Zn, Se (selenium), and Fe (iron) that significantly
improve grain accumulation of micronutrients, particularly

in new biofortified wheat varieties. Grain-Zn was increased
from 28.6 to 46.0 mg/kg with Zn-spray and 47.1 mg/kg with
micronutrient cocktail spray (Zou et al., 2019).

Grain Zn contents of wheat varied among different countries
from 25.10 mg/kg in Europe to 33.91 mg/kg in North America
depending on: (1) the amount of Zn available in the soil;
(2) genotypic characteristics of cultivated varieties; (3) cul-
tivation types, environments, climates (Wang et al., 2020).
Modern wheat varieties have limited grain Zn concentration:
on the average — 14-42 mg/kg (Bouis, 1995; Morgunov et
al., 2007; Velu et al., 2011; Guittieri et al., 2015). In this con-
nection a large-scale screening of wheat genetic resources at
the germplasm bank of the International Maize and Wheat
Improvement Center (CIMMYT) was initiated to explore
variation for Zn amongst the wheat wild relatives T. mono-
coccum, T. dicoccoides, Ae. tauschii, T. boeticum, T. spelta,
T. polonicum, landraces, and wheat hexaploid synthetics,
which detected the most promising sources for development
of varieties with high grain Zn concentration (Cakmak et al.,
2004; Velu etal., 2014; Verma et al., 2016; Savin et al., 2018;
Bhatta et al., 2019).

A field evaluation of a set of core-collection of landraces
of CIMMYT screened under Zn-enriched soil conditions at
Cd. Obregon (Mexico) showed that there was high variation
for grain Zn concentration — from 40 to 96 mg/kg. T. dicoc-
coides introgression lines with bread wheat background
showed up to 88 mg/kg grain Zn concentration. The first
high zinc wheat variety Zincol 2016, having T. spelta in its
pedigree, was released in Pakistan. Zn-enriched wheat varie-
ties such as Zinc Shakti, WB 02, and HPBW 01 were adapted
by more than 500,000 farmers in India. These varieties were
developed using synthetic hexaploid wheat with the genome
of Ae. tauschii (Velu et al., 2019).

V. Govindan et al. (2018) reported a moderate level of
broad-sense heritability for grain Zn concentration, and a sig-
nificant Genotype x Environment interaction effect on this
trait. The search and introgression of genes controlling high
zinc content into the initial material for grain quality breeding
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through marker assisted selection has been conducted. One
study identified QTLs associated with grain Zn concentration
in wheat. These were located on chromosomes 2A, 5A, 7A
(Peleg et al., 2009; Xu et al., 2012; Krishnappa et al., 2017).
According to the research results of Y. Genc et al. (2009),
the combination of four loci located on chromosomes 7A,
4B, 6B, and 3D increased the grain Zn by 23 %. The gene
GPC-B1 (NAM-B1) was transferred to bread wheat genome
from T. dicoccoides. Current tetraploid and hexaploid wheat
varieties have non-active allele GPC-B1, except for some
landraces and old varieties of T. dicoccum, T. durum, T. spelta,
and T. aestivum (Mitrofanova, Khakimova, 2016). The active
allele of this gene can be effective in improving high protein
content, and remobilization of micronutrients from flag leaf
to grains, which increases the concentration of Fe and Zn
by 18 and 12 %, respectively (Uauy et al., 2006; Waters et
al., 2009).

Grain Zn concentration is negatively correlated with yield
in spring wheat varieties in several studies (Welch, Graham,
2002; Morgunov et al., 2007; Murphy et al., 2008). Some
experiments, on the contrary, indicate that this correlation
does not necessarily occur, and illuminate the possibility of
combining high grain Zn with high grain yield and protein
content in new varieties (Chen et al., 2017; Krishnappa et al.,
2017; Abugalieva, Savin, 2018). The minerals’ bioavailability
to humans, including Zn, depends on the phytic acid, which
binds them. In this connection, the current wheat varieties
should combine high yield with low phytic acid/Zn ratio (<5)
(Qietal, 2013; Liu et al., 2014).

Omsk State Agrarian University (Omsk SAU) coordinates
Kazakhstan-Siberia network on spring wheat improvement
(KASIB), which combines 20 breeding and scientific research
institutions from Kazakhstan and Russia. In earlier studies,
more than 150 genotypes were evaluated at 4-8 sites of
KASIB network in Kazakhstan and Western Siberia in search
for genetic resources of high zinc content. The relationship
of Zn grain concentration with protein content and effects of
Genotype X Environment interaction for this trait were studied
(Morgounov et al., 2006; Gomez-Becerra et al., 2007).

In 2016, Kazakh Research Institute of Farming and Crop
Production won a grant of the project EPPN-2020 (European
Plant Phenotyping Network) to conduct ionomics analysis
of spring wheat grain from Kazakhstan and Russia using
ionomics phenotyping platform at the University of Notting-
ham (UK). This platform couples high throughput elemental
analysis based on automated data capture and their processing
with bioinformatic methods (https://www.ionomicshub.org/
home/PiiMS). lonomics analysis of 23 elements including
heavy and rare metals, micronutrients in 49 spring bread wheat
varieties at 6 sites in Kazakhstan and Russia was conducted
in 2017-2018. This study identified that the variability of
elemental analysis of grain wheat depends on the Genotype x
Environment factors, and their interaction. The highest Zn
and Fe concentrations in grain wheat were detected in Omsk
oblast. Some varieties and breeding lines with high Zn and Fe
content were identified (Abugalieva et al., 2020).

The objective of this research was to determine the contri-
bution of the ‘Location” and ‘Genotype’ factors on variability
of wheat grain Zn content, and to select the best varieties as
sources of this trait for breeding.
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M3MeHUnBOCTb copiepaHmnaA LMHKa B 3epHe
COpPTOB NiweHunLbl nuTomHrKa KACUB

Materials and methods

The study of 49 varieties of spring bread wheat of the nursery
KASIB-18 (Kazakh-Siberian nursery of spring bread wheat)
was carried out at four sites in Western Siberia, Southern
Urals, and in two sites in Kazakhstan (Fig. 1). Geographic
coordinates of Russian experimental sites are: Chelyabinsk
Research Institute of Agriculture (Chelyabinsk) — 54°93' N,
60°73' E; Omsk SAU (Omsk) —55°01'N, 73°18" E; Northern
Trans-Ural SAU (Tyumen) — 57°09" N, 65°25' E; Siberian
Research Institute of Plant Cultivation and Breeding (Novo-
sibirsk) —54°89'N, 82°97" E; Kazakhstan experimental sites:
Karabalyk Experimental Agricultural Research Station (Kara-
balyk) — 53°51'N, 62°06' E; Research and Production Center
for Grain and Farming (Shortandy) — 51°63' N, 71°04' E.

Variety trial of the nursery KASIB-18 was carried out in
2017-2018. The weather conditions differed significantly in
geographic experimental sites (Table 1).

At all experimental sites of the KASIB network, the sum
of active temperatures above 10 °C in 2017-2018 was higher
than the values necessary for normal growth and develop-
ment of wheat plants: the lowest at Tyumen — 2118-2124 °C
and the highest at Karabalyk — 2553-2637 °C. According to
the hydrothermic coefficient (HTC), calculated by G.T. Se-
lyaninov method (1958), the most favorable conditions for
moisture availability were in the sites Tyumen and Novosi-
birsk (HTC = 1.38-1.53) in both years of research, as well as
in Chelyabinsk in 2018 (HTC = 1.42), which had a positive
effect on the formation of higher grain yield in these sites. In
general, 2017 was characterized by drier conditions in Omsk
(HTC =0.72) and Shortandy (HTC = 0.46) compared to 2018
(HTC = 1.15 and 1.24, respectively). In Karabalyk, in both
years, dry conditions were observed during the plant growing
season (HTC = 0.80-0.83).

There are no significant differences in the soil morphologi-
cal characters of the experimental sites, with the exception of
higher humus content in Tyumen and Novosibirsk (7.0-7.5 %).
Based on the literature sources, zinc content in the humus
layer of meadow chernozem soils of the Omsk region is
20.1-69.4 mg/kg (Azarenko et al., 2019). According to the
data from JSC “Kazakhstan Agrarian Expertise” branch (www.
kazagrex.kz) in Akmolaregion, zinc content in low-humus soil
of Shortandy is 3.3 mg/kg. The data of zinc content in the soil
of the remaining sites are not available.

SIA

OTSk Novosibirsk e

Nur-Sultan

Fig. 1. Map of experimental sites of nursery KASIB-18 in the regions of
Russia and Kazakhstan in 2017 and 2018.
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Variability of zinc content in the grain
of wheat varieties of nursery KASIB

Table 1. Characteristics of soil and weather conditions at experimental sights

during the growing season (May-September), 2017-2018

Trait Chelyabinsk Omsk Tyumen Novosibirsk Karabalyk Shortandy
. Su m o f actwe tem pera tu re 5 oc ............................................................................................................................................................................................
...... 2017234923642”8229226372508
...... 2018230721692124215725532130
Ramfa”mm ...........................................................................................................................................................................................................................
...... 201727371710324031592185”46
...... 2018328124903220296920452645
Hydmthermlccoeﬁlc'ent .....................................................................................................................................................................................................
...... 2017116072153138083046
...... 2018142115152138080124
Solype Chernozem,  Meadow- chernozem, Chernozem,  Chernozem,  Chernozem,  Chernozem,
medium loamy heavy loamy medium loamy medium loamy heavyloamy  heavy loamy
SO”aCIdltyumtS ............................ 53 ......................... 68 .................................... 67 ......................... 67 ......................... 68 ....................... 77 ....................
Humus% ....................................... 52 ......................... 52 .................................... 70 ......................... 75 ......................... 47 ....................... 33 ....................

Sowing, selection assessments, and observations in the
nursery were carried out in accordance with the Methodolo-
gy of State Variety Trial of Agricultural Cultures (1989) and
the program of the Kazakhstan-Siberia network on spring
wheat improvement. The plot area was 3 m? with a sowing
rate of 500 seeds per 1 m2. The sowing date was May 20-30,
the sowing depth — 4-5 cm. Field trials utilized a systematic
complete block design with three replicates. The preceding
crop was black fallow.

Grain samples from each experimental site were analyzed in
the Kazakh Research Institute of Agriculture and Plant Grow-
ing (Almalybak), for protein content in grain and its fractions
determined by Kjeldahl method (State standard No. 10846-91)
using Infratec FOSS 1841 on the basis of previously created
calibration equations. Zinc content in grain was determined
at the lonomics Faculty of the University of Nottingham.
Zinc concentration was calculated in mg/kg of dry weight.
Statistical data processing was reconstructed by variational,
correlation, and ANOVA analysis using Microsoft Excel and
Statistica application software packages.

Results
Analysis of zinc accumulation in wheat grain of 49 varieties
of KASIB-18 indicates significant differences in the grain
zinc content, depending on the experimental site (Table 2).
In Omsk, the yield was low, but the grain Zn content, on
the contrary, was the highest (50.4 mg/kg). In Shortandy, the
average grain yield was almost at the level of the varieties
yield in Omsk, but the grain Zn content was 1.9 times lower,
which indicates a significant influence of soil and climatic
properties of the region on the accumulation of this microele-
ment in wheat grain. The highest grain Zn content was found
in Omsk and in other sites of Russia — Tyumen, Novaosibirsk,
Chelyabinsk (44.1-44.8 mg/kg), and significantly less in Ka-
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zakhstan — Karabalyk and Shortandy (37.3 and 26.8 mg/kg,
respectively).

No correlation was found between grain Zn content and
yield. One site was an exception — under dry conditions of
2017, an average negative relationship was observed in Kara-
balyk (r = —0.35) with the lowest yield (1786 kg/ha) compared
to the rest experimental sight.

On average, for two years of research, the highest grain yield
was in Novosibirsk — 3985 kg/ha, in Tyumen, and Chelya-
binsk — 3210 and 3780 kg/ha, respectively. The yield obtained
in Karabalyk, Omsk, and Shortandy was less than 3000 kg/ha.
Significant differences in the grain average protein content of
different experimental sites were found. The highest protein
content on average for two years of research was observed
in Omsk (14.9 %), in Shortandy (14.0 %), in Novosibirsk
(13.1 %), in Chelyabinsk (12.2 %), in Karabalyk (12.1 %), and
the lowest — in Tyumen (10.7 %). In Tyumen, in 2017-2018,
an average positive correlation was observed between grain
Zn and protein content — 0.3 and 0.4, respectively.

On the basis of the experiment results of 49 varieties for
two years in 6 ecological sites, a three-factor ANOVA analysis
was carried out, and the contribution of the main factors to
variability of wheat grain Zn was determined (Fig. 2). The
main contribution to the variability of the studied trait was
made by the ‘Location’ factor — 38.7 %. ANOVA analysis re-
vealed significant influence of the following factors: ‘Year’—
13.5 %, ‘Genotype — 8.0 %, ‘Genotype x Location’ — 14.3 %,
and ‘Location x Year’ — 7.8 %. The combined effect of three
factors interaction was significant — 15.1 %.

Figure 3 presents the limits of average indicators of grain
Zn content of the studied varieties for two years of research.
The maximum grain Zn content was observed in one varie-
ty — 49.4 mg/kg, in six varieties Zn content varied from 45.7
to 49 mg/kg, in 16 varieties — from 39.1 to 42.4 mg/kg, in
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Table 2. Grain yield, protein content (PC), Zn content,
and coefficients of correlation between (r) Zn content,
yield and PC in the varieties from experimental sights
of nursery KASIB-18 in 2017-2018

Year Grain PC,% Zn, (N Zn (N Zn
yield, mg/kg withyield  with protein
kg/ha

omSk ......................................................
2017 ............. 3032 ........ 163 ....... 476 ........... 008 ............... O 01 .................
2018 ............. 2019 ........ 136 ....... 532 ......... _005 ............... 0 26* ..............
Average ........ 2526 ........ 149 ....... 504 ........................................................
............................................... C he|yabm5k
2017 ............. 4098 ........ 107 ....... 364 ........... 014 ............... 0 23 ................
2018 ............. 3461 ......... 137 ....... 518 ........... 006 ............... 0 25 ................
Average ........ 3780 ........ 122 ....... 441 .........................................................
............................................... Novos|b"sk
2017 ............. 3”3 ........ 132 ....... 465 ......... _006 ............... O 14 ................
2018 ............. 4857 ........ 129 ....... 431 .......... _003 ............... 0 07 ................
Average ........ 3985 ........ 131 ........ 448 ........................................................
.................................................. Tyumen
2017 ............. 2382 ........ 111 ........ 408 ......... _009 ............... 0 30* ..............
2018 ............. 4037 ........ 103 ....... 489 ......... _002 ............... O 40* ..............
Average ........ 3210 ........ 107 ....... 448 ........................................................
................................................. K araba|yk
2017 ............. 1786 ........ 125 ....... 317 ......... _035* ............. O 03 ................
2018 ............. 4003 ........ ”7 ....... 429 ......... _001 ................ 0 12 ................
Average ........ 2894 ........ 121 ........ 373 ........................................................
................................................ Shortandy
2017 ............. 2580 ........ 148185 ......... _018 _004 ................
2018 ............. 2413 ........ 132 ....... 350 ........... 008 ............... 0 29* ..............
Average ........ 2496 ........ 140 ....... 268 ........................................................
LSDOS ............ 663 .......... H .......... 62 ..........................................................

* Significant at p < 0.05 probability level.

14 varieties — from 35.8 to 39.1 mg/kg, in 12 varieties — from
42.41t0 45.7 mg/kg. The varieties with a high grain Zn content
identified by the experiment results on average for all sites for
two years, and the variability limits of the trait, depending on
year and site, are presented in Table 3. The differences between
the presented varieties on the average zinc content in grain
correspond to error of the experiment.

Variety Novosibirskaya 16 on average had Zn content of
49.4 mg/kg, but this indicator was not stable, the trait value
varied from 12.9 to 74.0 mg/kg, the variation coefficient was
35.5 %. Varieties Silach, Line 4-10-16, and Element 22 were
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Factors

B Genotype
Location

M Year

M Genotype x Location
Location x Year

M Genotype x Year
Genotype x Year x Location

Fig. 2. Contribution of various factors for Zn grain content of wheat
varieties, %.

Significant at * p < 0.05 and ** p < 0.001 probability level.
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Fig. 3. Number of varieties by intervals of Zn grain content from experi-
mental sites, on average of 2017-2018.

more stable than Novosibirskaya 16. On average, the grain
Zn content of studied varieties was 41.5 mg/kg.

Figure 4, a presents the distribution of varieties in Omsk
by the grain Zn content. The highest content of this micro-
element for all varieties was noticed in this site in all years of
research. According to the ranging of varieties by the grain
Zn content three groups were distinguished: 21 varieties (51.6—
63.7 mg/kg) were assigned to the first, 18 varieties (44.7—
51.3 mg/kg) were assigned to the second, and 10 varieties with
a relatively low microelement content (39.4-44.4 mg/kg) were
assigned to the third. The significant differences on Zn content
were noticed for varieties of the first and third groups as the
contribution of the genotypic factor to expression of studied
trait was 8 %. The highest zinc content of 49 varieties was ob-
served in variety OmGAU 100 - 63.7 mg/kg on average for two
years, and the lowest — in variety Lutescens 30 — 39.4 mg/kg.

In Shortandy, there were no significant differences among
varieties on grain Zn content: the first group included 42 va-
rieties (21.9-39.7 mg/kg), the second and third — seven varie-
ties (18.2-21.5 mg/kg). Variety Lutescens 443 had the highest
grain Zn content — 39.7 mg/kg, which is almost at the level of
the lowest indicator of the trait in Omsk (see Fig. 4, b). Variety
Lutescens 857 was characterized by low grain Zn content (only
18.2 mg/kg) in Shortandy.

Thus, varieties OmMGAU 100 and Lutescens 443 selected
in two experimental sites should also be included in the
hybridization program for the improvement of wheat grain
Zn content.
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Variability of zinc content in the grain
of wheat varieties of nursery KASIB

Table 3. Varieties with the highest Zn grain content (mg/kg) from experimental sites, on average of 2017-2018

Variety

Discussion

According to the World Health Organization, two billions of
people worldwide are at risk of suffering from Zn deficiency
(WHO, 2017). The regions where zinc deficiency is most
common are Southeast Asia, southern Africa, and other de-
veloping countries. The main factors leading to Zn deficiency
should first of all be attributed to insufficient consumption of

Zn with food in the regions due to low content of food with
low Zn content in soil, drought climate and lack of moisture
(http://cgon.rospotrebnadzor.ru/content/62/2683).

The health benefits of wheat grain and products for con-
sumers are a strategic priority worldwide (Saleh et al., 2019).
Biofortified wheat with higher Zn concentration has proven
its positive effect on human health in India and Pakistan (List-
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Fig. 4. Ranging of varieties of nursery KASIB-18 depending on Zn grain content, on average for 2017-2018: a, Omsk; b, Shortandy.

Different letters indicate homogeneous groups.
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man et al., 2019). Russia is one of the world’s leading wheat
exporters, exporting mainly to the Middle East and Africa,
where there is a significant Zn shortage in the products of
poor population eating mainly bread. Breeding wheat with
enhanced levels of grain Zn provides a cost-effective, sustain-
able solution to the malnutrition problems in the developing
world (Bouis et al., 2011).

Corresponding to our research, wheat grain grown in the
experimental sites of Western Siberian and Ural regions has
an increased Zn content on average from 44.1 to 50.4 mg/kg
(see Table 2). In the sites Shortandy and Karabalyk, the grain
Zn content was on average 26.8-37.3 mg/kg for two years of
research. These data are consistent with the publication by
J. Wang et al. (2020), according to which the Zn content in
grain grown in Kazakhstan is on average 28.4 mg/kg. This is
probably explained by dry climate in Kazakhstan. The plants
need a mass flow of soil solution and ions for effective mineral
nutrition, which depends primarily on the presence of moisture
in the soil (Singh B. et al., 2005).

The ANOVA analysis revealed the influence of genotypic
factor, soil, climatic, and weather conditions on the grain
Zn accumulation in studied wheat varieties. The main contri-
bution to the trait phenotypic variation was made by the ‘Loca-
tion’ factor due to different Zn content in the soil and moisture
availability in the experimental sites — 38.7 %. The influence of
the “Year’ factor was 13.5 % and the ‘Genotype’ factor — 8.0 %.

In most sites of research, 2018 was more favorable on
the available moisture in the soil compared to dry 2017. In
2018, grain Zn content varied from 35.0 mg/kg (Shortandy)
to 53.2 mg/kg (Omsk). In 2017, under drought conditions,
lower grain Zn concentration was noticed in Karabalyk
(31.7 mg/kg), 18.5 mg/kg — in Shortandy, 36.4 mg/kg — in
Chelyabinsk, and 47.6 mg/kg — in Omsk (see Table 2).

According to the two years research results of the nurse-
ry KASIB-18 in all experimental sites, sources of high
Zn content were identified: Novosibirskaya 16 (49.4 mg/kg),
Silach (48.4 mg/kg), Line 4-10-16 (47.2 mg/kg), Element 22
(46.3 mg/kg), and Lutescens 248/01 (46.0 mg/kg). These
indicators are higher than the target ones of the international
Harvest Plus program. This program allowed to increase the
grain Zn content in the wheat varieties cultivated in India and
Pakistan from 25 mg/kg on average to 37 mg/kg, approxi-
mately by 30-40 % (Singh R., Velu, 2017).

There was high variability of the trait in selected varieties
(Cv = 23.4-35.5 %), which indicates a strong influence of
environmental conditions on this trait (see Table 3). The study
of the same varieties set under contrasting environmental
conditions revealed differences among varieties and lines in
grain Zn accumulation. Varieties OmGAU 100 (63.7 mg/kg)
and Lutescens 443 (39.4 mg/kg) were characterized by the
maximum grain Zn accumulation in Omsk and Shortandy,
while varieties Lutescens 30 (39.4 mg/kg) and Lutescens 857
(18.2 mg/kg) were characterized by the minimum, respectively
(see Fig. 4, a, b).

A.V. Volkov (2015) reported the positive effect of zinc
fertilizers onyield, protein content, gluten, technological, and
bread making qualities in agrochemical experiments on the
spring wheat variety Zlata. In our experiments, the average
positive correlation between the grain Zn and protein con-
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tent (0.3 and 0.4) was revealed in Tyumen for both years of
research, as protein content was low (on average 10.7 %).
In the other five sites, the correlation was not found. There
is no correlation between yield and grain Zn content (see
Table 2). Probably, the grain Zn content is not an indicator
of the necessity to use Zn-fertilizers. This issue requires ad-
ditional research under the conditions of a specific region and
different soil types.

Varieties Novosibirskaya 16, Silach, Element 22,
OmMGAU 100 included in the State Register of Breeding
Achievements and cultivated on large areas under conditions
of Western Siberian region, are able to form Zn content in
grain exceeding 60-70 mg/kg (see Table 3, Fig. 4, a). The
analysis of wheat grain from farmer’s crops in the Omsk
region also revealed a high grain Zn content. It is feasible
to use it both in the domestic market for the production of
bread and bakery products with functional properties, and
for the export of wheat grain (Abugalieva et al., 2020). Our
research confirms the high potential of Omsk, Novosibirsk,
Tyumen, and Chelyabinsk regions for the production of grain
with a high Zn content. It is advisable to use the grain of the
best varieties on the Zn content to form separate batches for
the production of “healthy” bread and for export. These are
unused reserves that will contribute to the improvement of
human health, especially for people with low incomes, as well
as increase the export potential of the country.

Conclusion

According to the research results, the most favorable soil and
climatic conditions to form grain wheat with a high Zn content
were in the Omsk region. On average, during two years of re-
search of the nursery KASIB-18 in Omsk, the grain Zn content
of the studied varieties was 50.4 mg/kg, which is more than
in other Russian experimental sites — Tyumen, Novosibirsk,
and Chelyabinsk (44.1-44.8 mg/kg). In Kazakhstan, the
average grain Zn content of wheat varieties was 37.3 mg/kg
in Karabalyk and 26.8 mg/kg in Shortandy. Significant dif-
ferences on the grain Zn content among the varieties indicate
the possibility of breeding improvement of wheat on this trait.
On average, for all sites, for two years of research, the highest
grain Zn content was revealed in varieties Novosibirskaya 16
(49.4 mg/kQg), Silach (48.4), Line 4-10-16 (47.2), Element 22
(46.3), and Lutescens 248/01 (46.0 mg/kg). In the conditions
of Omsk, variety OmGAU 100 (63.7 mg/kg), and in Shor-
tandy, under less favorable conditions, variety Lutescens 443
(39.7 mg/kg) were distinguished. These varieties should be
included in the hybridization program for the improvement
of wheat grain Zn content.

The main contribution (38.7 %) to the variability of the
grain Zn content was made by soil and climate conditions of
the region (the ‘Location’ factor). Significant influences of
the ‘Genotype’ factor — 8.0 %, and the “Year’ factor — 13.5 %
were revealed. There was no correlation between grain
Zn content and yield, the correlation between grain Zn and
protein content was revealed in Tyumen (-0.3 and -0.4). The
potential opportunities for production of wheat grain with
a high Zn content, which will be in demand for production of
bread and pastry with functional properties, were identified
in Western Siberian region.
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Mechanosensitive molecular interactions in atherogenic regions
of the arteries: development of atherosclerosis
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Abstract. A terrible disease of the cardiovascular system, atherosclerosis, develops in the areas of bends and
branches of arteries, where the direction and modulus of the blood flow velocity vector change, and consequently
so does the mechanical effect on endothelial cells in contact with the blood flow. The review focuses on topical
research studies on the development of atherosclerosis - mechanobiochemical events that transform the proathe-
rogenic mechanical stimulus of blood flow - low and low/oscillatory arterial wall shear stress in the chains of bio-
chemical reactions in endothelial cells, leading to the expression of specific proteins that cause the progression
of the pathological process. The stages of atherogenesis, systemic risk factors for atherogenesis and its important
hemodynamic factor, low and low/oscillatory wall shear stress exerted by blood flow on the endothelial cells lining
the arterial walls, have been described. The interactions of cell adhesion molecules responsible for the develop-
ment of atherosclerosis under low and low/oscillating shear stress conditions have been demonstrated. The activa-
tion of the regulator of the expression of cell adhesion molecules, the transcription factor NF-kB, and the factors
regulating its activation under these conditions have been described. Mechanosensitive signaling pathways lead-
ing to the expression of NF-kB in endothelial cells have been described. Studies of the mechanobiochemical signal-
ing pathways and interactions involved in the progression of atherosclerosis provide valuable information for the
development of approaches that delay or block the development of this disease.
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cell adhesion molecules; signaling pathways; mechanotransduction.
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MexaHOUYBCTBUTEIbHbIE MOJIEKY/ISIPHbIE B3alIMOI€liCTBIS
B aTepOreHHbIX palioHax apTepuii: pa3BUTIE aTepOCKIepo3a
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1 DenepanbHbIit ccnefoBaTeNbCKin LeHTP UHCTUTYT LUTONOTUM 1 reHeTUKN CUBMPCKOTo OTAeneHns POCCUIACKON akaaeMiu HayK,
Hosocnbupck, Poccusa

2 HoBOCHBUPCKIII HALMOHANBHBIN CCNIEA0BATENBCKII FOCYAaPCTBEHHDIN yHNBEpCUTET, HOBOCHBUPCK, Poccns
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AHHOTaLuA. ATepocKniepos, rpo3Hoe 3aboneBaHne cepAaeyHO-COCYAUCTON CUCTEMbI, Pa3BMBAETCA B MeCcTax 13-
rmboB v pa3BeTBNIEHUI apTeEPUiA, FAe MEHAITCA HanpaBieHe U MOAYb BEKTOpa CKOPOCTU TOKa KpoBK, a cie-
[oBaTe/IbHO, MeXaHNYeCcKoe BO3AEeNCTBME Ha KOHTaKTMpPYIOLWMe C TOKOM KPOBW SHAOTeNManbHble Knetkn. 0630p
NOCBALLEH aKTyallbHbIM UCC/IEA0BAHMAM Pa3BUTUA aTEPOCKIEPO3a: MEXaHOBUOXMMMYECKUM COObITUAM, Mpeobpa-
3yOLLMM MPOATEPOreHHbIN MeXaHUYECKNIA CTUMYN TOKa KPOBUW — HU3KOE 1 H3KOoe/oCLMvpyloLee HanpsxXeHune
CABUra, OKa3blBaEMOE Ha CTEHKM apTepuii, — B LENN BUOXUMMNYECKMX peakLmnil B SHAOTENNANbHBIX KNeTKax, npu-
BOAALWMX K 3KCnpeccmmn cneunduyHbix 6enKoB, Bbi3blBaloWMX MPOrpeccMpoBaHme NaTonaorMyeckoro npouecca.
OnucaHbl CTagny, cucTemMHble GaKTopbl PUCKA, @ TaKKe BaXKHbIN reMOANHaMNYECKN GaKTop aTeporeHesa: HU3Koe
1 HU3Koe/oCUMNAnpytoLiee HanpsXXeHne CABWIa, OKasblBaeMoe TOKOM KPOBU Ha SHAOTeNMaNbHble KNETKM, BbICTU-
natowme CTeHKn aptepuii. lNoka3aHbl B3aMOAENCTBMA MONEKYN KNEeTOUYHOWM afre3nn, OTBETCTBEHHbIE 3a pa3BuTHe
aTepocKiepo3a B YCNOBUAX HA3KOTO 1 HA3KOrO/OCUMANMPYIOLEro Hanpsa)eHua casura. OnvcaHbl akTmBauma pe-
rynATopa 3KCNpeccun MosieKyn KNeTouHoN aare3nmm — TpaHCKpunumoHHoro daktopa NF-kB — 1 dakTopbl, KOHTPO-
NnupyloLme ero akTMBaLuio B 3TX ycnoBuax. OnmcaHbl MexaHouyBCTBUTENbHbIE CUTHAMbHbIE MyTW, MPUBOAALLME
K akcnpeccun NF-KB B aHAOTENManbHbIX KneTkax. MccnenoBaHna MexaHOOMOXMMUNYECKUX CUTHAMbHBIX MyTei 1
B3aMMOLENCTBUIA, BOB/IEUYEHHbIX B MPOrpeccnpoBaHmne aTepockieposa, Heobxoanmbl ANa pa3paboTKy NOAXOAOB,
3a[1ePXKMBAIOLLMX U BAOKMPYIOLLNX Pa3BUTUE 3a60N1eBaHUS.

KntoueBble cioBa: aTeporeHes; HanpskeHne CABUIa; TPAHCKpUNUMOHHbIN dpakTop NF-KB; akcnpeccua RelA; mexa-
HOUYBCTBUTENIbHbIE PELIeNTOPbI; MONEKY bl KNETOYHOW aAre3nn; CUrHanbHble NyTU; MeXaHOTPaHCAYKLMA.
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Risk factors and stages of atherogenesis.

Shear stress is an important

haemodynamic factor in atherogenesis

Nowadays, cardiovascular disease is a major public health
issue. Moreover, atherosclerosis is one of the most common
pathologies of the cardiovascular system. The systemic risk
factors for the development of atherosclerosis include age,
hypertension, diabetes mellitus, smoking, low physical acti-
vity, fatty diet, renal failure, increased level of fibrinogen, low-
density lipoproteins, cholesterol and blood plasma C-reactive
protein (Virani et al., 2020). The level of low-density lipo-
proteins (LDLs) is classified into a separate group of factors
that account for the atherogenicity of the subfraction profile
of apo-B-containing lipoproteins (Chang et al., 2017; Ozerova
et al., 2018). The penetration of blood plasma LDLs through
the endothelium in athero-susceptible areas of the arteries and
their retention and accumulation in the extracellular matrix
(ECM) of the subendothelial space initiates atherogenesis.
LDLs are retained in the intima (mainly due to interaction with
proteoglycans), undergo oxidation (formation of oxLDLs) and
cause an inflammatory response — the infiltration of circulating
blood monocytes into the intima. In the intima, monocytes
differentiate into macrophages, uptake oxLDLs and become
foam cells (Libby et al., 2019).

The development of atherosclerosis occurs in the following
stages: (i) adaptive intimal thickening, (ii) formation of fatty
streaks, (iii) pathological intimal thickening (PIT), (iv) early
fibroatheroma and (V) late fibroatheroma. In stage (i), smooth
muscle cells (SMCs) of the media migrate to the intima and se-
crete proteoglycans. The formation of fatty streaks in stage (ii)
is accompanied by the accumulation of foamy cells (macro-
phages loaded with lipids) in the intima. Lipid-loaded SMCs
are less represented. The PIT process (iii) occurs with and
without the infiltration of macrophages. In both cases, SMCs
and extracellular lipid pools are present in the intima. The ac-
cumulation of SMCs occurs towards the lumen of the artery,
and lipid pools accumulate close to the media. The formation
of a fibrous cap that covers the necrotic core occurs in the later
stages of development of the atherosclerotic lesions, including
early and late fibroatheroma (iv, v). The cap includes SMCs,
infiltrated macrophages, T-lymphocytes, as well as collagens
and proteoglycans of the extracellular matrix. Programmed
cell death, via apoptosis and necroptosis, plays an essential
role in early fibroatheroma (iv) with the formation of foci of
necrosis and cholesterol crystals. In late fibroatheroma (v),
an extensive necrotic core that consists of cellular debris and
a large number of crystals of free cholesterol and its esters is
formed (Otsuka et al., 2015).

The molecular and genetic processes of atherogenesis re-
main unclear. Numerous haemodynamic studies have shown
that, based on systemic risk factors, atherosclerosis develops
mainly in the bends and branching of the arteries, where there
is a change in the nature of the blood flow (Cecchi et al., 2011;
Morbiducci etal., 2016; Zou et al., 2016). The haemodynamic
characteristics of the effect of blood flow on the vessel walls
are wall shear stress (WSS), hydrostatic pressure and cyclic
deformation. WSS is the friction force that occurs when
flowing blood comes into contact with the inner wall of the
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artery. WSS on the arterial wall is described by (Ku et al.,
1985):
where p is the blood viscosity index, \7('[) is the blood flow
rate parallel to the vessel wall at time t and r is the radial coor-
dinate.

Studies conducted on animal models and observing patients
revealed a regular maximum thickening of the intima and the
formation of atherosclerotic plaques in areas with low WSS
(<10 dyn/cm? in humans) and low/oscillatory WSS (with a
deviation of the instantaneous WSS vector from its average
direction). Such damage was minimal in areas of high WSS
(>25 dyn/cm? in humans). High values of WSS were realized
in the rectilinear sections of the arteries with laminar blood
flow. In the areas of branching and bending of the arteries near
the walls, vortex flows were formed, leading to mechanical
stress on the walls, which was accompanied by pathological
effects. These flows were characterised by low and low/os-
cillatory WSS (Cecchi et al., 2011; Morbiducci et al., 2016).
A study conducted on isolated segments of blood vessels
through which LDLs flowed demonstrated that the transport of
LDLs into the vascular wall increased with a decrease in WSS
and, on the contrary, decreased with an increase in WSS (Colic
etal., 2015). Patient-specific modelling of the subendothelial
accumulation of LDLs in the stenotic right coronary artery
also showed an inverse relationship between the distribution of
WSS and the accumulation of LDLs (Sakellarios et al., 2013).
The zone of recirculating flow and low WSS corresponded
to the maximum accumulation of LDLs, and in areas of high
WSS, the accumulation of LDLs was low.

To localise the segments of arteries with low and low/oscil-
latory WSS and monitor the transformation of atherosclerotic
plaques into a stable or unstable phenotype, computer mo-
delling of blood flow in the vessels is being developed. This
will facilitate the identification of patient-specific fields and
gradients of blood flow rates depending on the geometry of
the vessels (Soulis et al., 2006; Timmins et al., 2015, 2017,
Hung et al., 2016). To solve these issues, the Navier—Stokes
equations for an incompressible viscous fluid are used. To
reconstruct the geometric shape of the vessels, intravascular
ultrasound methods are used as well as X-ray microcomputer
tomography with the use of contrast agents (Nebuloni et al.,
2013; Xing et al., 2016). The ANSY'S Fluent, OpenFOAM,
FLUENT 6.0 and other software packages are widely used to
conduct calculations via mathematical models of stationary
and unsteady blood flows in various areas of the arteries. Com-
puter modelling of the distribution of WSS, which accounts
for patient-specific data on the geometry of blood vessels, is
of high value for clinical practice.

The molecules of cell adhesion

and their interactions in the early stage

of atherogenesis

OxLDLs in the subendothelial space as well as low and low/
oscillatory WSS cause pro-inflammatory activation of endo-
thelial cells (ECs), which leads to the rolling of leukocytes in
the circulating blood flow to the endothelium, their adhesion
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and transendothelial migration (TEM). The mediators of these
critical events of the early stage of atherogenesis are cell adhe-
sion molecules. These molecules are expressed on the surface
of ECs and circulating blood cells (monocytes or leukocytes
and platelets) and include platelet endothelial cell adhesion
molecule-1 (PECAM-1); intercellular adhesion molecule-1
and -2 (ICAM-1, ICAM-2); vascular cell adhesion molecule-1
(VCAM-1); E-, L- and P-selectins; vascular endothelial (VE)
cadherin; B1 and B2 integrins; proline-rich glycoprotein CD99
and junctional adhesion molecule-A (JAM-A).

Selectins (transmembrane glycoproteins) are expressed on
the surface of ECs (E-selectin, ELAM-1, P-selectin), leuko-
cytes (L-selectin) and platelets (P-selectin) (Carlos, Harlan,
1994). Early experiments conducted in a flow chamber with a
laminar flow of monocytes on an EC monolayer (physiologi-
cally low WSS, the use of functionally blocking monoclonal
antibodies to L-, P-, E-selectin, ICAM-1, VCAM-1, 1 and
B2 integrins) showed that the rolling of the monocytes to the
ECs, weak, reversible contact of the monocytes with ECs
(initial adhesion) and slowing down of the rate along the
endothelium determine the interactions of the L-selectin of
the monocytes with glycoprotein ligands of the ECs and, to a
lesser extent, the P-selectin of the ECs with the glycoprotein
ligand PSGL-1 of the monocytes. E-selectin is not involved
in the process (Luscinskas et al., 1994, 1996). Firm, irrever-
sible adhesion of the leukocytes to the ECs occurs during the
interaction of the leukocyte 04p1 (VLA-4) integrin with the
endothelial immunoglobulin VCAM-1 (Luscinskas et al.,
1994; Huo, Ley, 2001) and the interaction of the leukocyte
alLpB2 (LFA-1,CD11a/CD18; Mac-1, CD11b/CD18) integrins
with the endothelial immunoglobulin ICAM-1 (Luscinskas et
al., 1994; Sigal et al., 2000; Huo, Ley, 2001).

OxLDLs and lysophosphatidylcholine (a component of
oxLDLs) induce the expression of ICAM-1 and VCAM-1 on
the surface of cultured ECs and stimulate monocyte adhesion
(Kume etal., 1992; Amberger et al., 1997). A physiologically
low WSS, created by the flow of leukocytes (monocytes, neu-
trophils, lymphoblasts, lymphocytes) on the EC monolayer,
generates upward docking structures on the endothelium that
contain ICAM-1 and VCAM-1 clusters within 1-2 minutes.
These clusters surround the leukocytes and function as an
anchor for them (Barreiro et al., 2002; Carman et al., 2003).
In turn, the structures of VCAM-1 and ICAM-1 that surround
the leukocytes stimulate the formation of lateral linear tracks
of leukocyte B1 (VLA-4) and B2 (LFA-1) integrins that are
oriented parallel to the ICAM-1 and VCAM-1 clusters (Car-
man, Springer, 2004). Moreover, 90% of the leukocytes that
are surrounded by the VCAM-1 and ICAM-1 clusters trans-
migrate to the subendothelial space, and the suppression of
VCAM-1 and ICAM-1 via inhibitors (BARTA-AM, colchi-
cine, toxin-B) significantly suppresses TEM. Regardless of the
TEM pathway (the paracellular pathway between the ECs, the
transcellular pathway through the ECs), the TEM process is
associated with the formation of a cupped traction structure
by the VCAM-1/VLA-4 and ICAM-1/LFA-1 interactions of
endothelial and leukocyte cells, which guide and facilitate
TEM (Carman et al., 2003).

VE-cadherin plays an important role in the TEM of leuko-
cytes. VE-cadherin is only expressed in ECs, localised mainly
in the intercellular contacts and plays an important role in the
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intercellular adhesion and barrier functions of the ECs (Garrett
etal., 2017). The adhesion of leukocytes to the endothelium in
the lateral intercellular contacts, preceding TEM, induces the
formation of gaps in the intercellular distribution of VE-cad-
herin and the components of the VE-cadherin complex (a-, -,
Y-catenin, p120-catenin) at the sites of adhesion or transmigra-
tion of the leukocytes. The gaps are formed as a result of lateral
displacement of VE-cadherin in the membrane and facilitate
the TEM of the leukocytes. Following the completion of TEM,
VE-cadherin moves in the opposite direction and closes the
gaps (curtain opening and closing effect) (Allport et al., 2000;
Shaw et al., 2001). The lateral displacement of VVE-cadherin
in the membrane most likely occurs due to the destabilisation
of the VE-cadherin bond with the actin cytoskeleton by the
following mechanism: the ICAM-1 and VCAM-1 clusters in
the sites of intercellular adhesion of the leukocytes to the ECs
induce the intracellular activation of the Src and Pyk2 tyrosine
kinases and the phosphorylation of Tyr658 and Tyr731 of the
cytoplasmic domain of VE-cadherin, which are involved in the
low-affinity binding of VE-cadherin to p120- and p-catenin,
respectively. The weakening of these interactions disrupts the
VE-cadherin bond with the actin cytoskeleton, destabilises the
VE-cadherin or VE-cadherin cell-cell interactions and facili-
tates the lateral movement of the phosphorylated VVE-cadherin
in the membrane (Allingham et al., 2007). p120-catenin regu-
lates the phosphorylation of VE-cadherin and the paracellular
TEM of leukocytes via a competition mechanism with the
activated Src and Pyk?2 tyrosine kinases: the overexpression
of p120-catenin in the ECs leads to the absence of gaps in the
distribution of VE-cadherin and the blocking of the TEM of
the leukocytes (Alcaide et al., 2008).

The glycoprotein PECAM-1 (CD31) plays an important
role in the TEM of leukocytes. In ECs, PECAM-1 is mainly
localised in the intercellular contacts. The homophilic inter-
actions of this protein with adjacent ECs occur through the
extracellular 1g-like domains IgD1 and IgD2 (Paddock et
al., 2016). PECAM-1 is also present in a distinct membrane-
vesicular recycling compartment adjacent to the lateral border
membrane of the ECs (Mamdoubh et al., 2009). In the resting
endothelium (in the absence of adhesive leukocytes), there is
constitutive membrane traffic between the lateral cell border
and the membrane-vesicular compartment (known as the
lateral border recycling compartment, LBRC) (Mamdouh et
al., 2003, 2008). In the presence of adhesive leukocytes on
the endothelium, directed kinesin-dependent migration of the
PECAM-1-bearing LBRC membrane along the microtubules
of the ECs to the sites of para- and transmigration of the leuko-
cytes occurs, in addition to the surrounding of the leukocytes
by the LBRC membrane. The LBRC provides non-ligated
PECAM-1 and CD99 in the ECs to interact with the homo-
philic ligands (PECAM-1 and CD99, respectively) in the leu-
kocytes and initiates the signals for further recruitment of the
LBRC as the leukocytes move through the endothelial layer.
The antibodies to PECAM-1 and CD99 block the TEM of the
leukocytes (Mamdouh et al., 2008, 2009). The recruitment of
the LBRC to paracellular TEM sites precedes the formation
of gaps in the intercellular distribution of VE-cadherin and
is necessary for the formation of these gaps (Gonzalez et al.,
2016). In ApoE~ PECAM-1-" mice, the load of plagues in
the areas of the carotid artery with a low and low/oscillatory
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WSS was significantly less than in the control ApoE~~ mice
(Harrison et al., 2013). A study on the relationship of single
nucleotide polymorphisms (Val125Leu, exon 3; Asn563Ser,
exon 8; Arg670Gly, exon 12) in functionally important do-
mains of PECAM-1 in patients who were at risk of developing
coronary heart disease and myocardial infarction showed that
Arg670Gly substitution can be a homozygous protector for
the development of myocardial infarction. This substitution is
localised close to Tyr663, the phosphorylation of which, under
low WSS conditions, initiates the signaling pathway of activa-
tion of the key transcription factor NF-kB for the expression
of cell adhesion molecules (Sahebkar et al., 2013). Val125Leu
and Asn563Ser substitutions are not associated with the risk
of coronary heart disease (Xia et al., 2015).

Integrins also play an important role in cell adhesion. The
integrins are a large family of receptors that are localised in
the plasma membrane and consist of 18 o and 8 B subunits
that form 24 different heterodimers. The extracellular domains
of the integrins interact with ECM proteins (collagens, CL;
fibronectin, FN; laminins, LN; vitronectin, VN; etc.) and li-
gands (for example, VCAM-1) on the surface of other types
of cells, causing cell-substratum or cell-cell adhesion. The
integrin-ligand interactions induce the activation of a variety of
signaling pathways that modulate cellular behaviour, including
proliferation, shape, motility, survival or apoptosis, differentia-
tion, protein phosphorylation, cytoskeleton organisation and
gene expression. Many integrins are expressed in an inactive
state on the cell surface since the membrane-proximal highly
conserved sequences of the cytoplasmic domains of the a
and B subunits form a structural constraint that locks the con-
formation of integrins in an inactive, low-affinity state. The
activation of integrins is often induced by intracellular signals
and regulatory factors that act on the cytoplasmic domains, as
well as phosphorylation. This alters the affinity of integrins for
ligands through conformational changes in their extracellular
domains, as well as clustering (Hynes, 2002).

The adhesion of leukocytes to the endothelium and their
infiltration into the subendothelial space is enhanced by
cytokines, chemokines and other factors. Thus, monocytic
chemotactic protein-1 (MCP-1) (produced by macrophages
and vascular wall cells) and interleukin-8 (IL-8) (produced
by macrophages) are involved in the delay of peripheral
circulation monocytes and their adhesion and migration into
the arterial intima via interaction with monocyte receptors be-
longing to the CCR2 and CXCR2 types, respectively (Peters,
Charo, 2001; Charo, Taubman, 2004). IL-9, secreted mainly by
CD45*CD3 CD19 leukocytes in AmoE - mice, stimulates the
expression of VCAM-1 in the ECs of the aorta of mice through
interaction with the 1L-9 receptor (IL-9R) and activation
(phosphorylation) of the signaling protein and transcription
activator STAT3 (Zhang et al., 2015). In the atherosclerotic
aortas of AmoE "~ mice, a high level of IL-17A expression
was observed, as well as numerous IL-17A-producing CD4*
T helper 17 (Th17) and y8* T cells. IL-17A initiates the pro-
duction of several cytokines and chemokines by aortic cells,
in particular, the pro-inflammatory chemokine CXCL1, which
activates peripheral circulation monocytes and stimulates their
adhesion and migration to the aortic wall (Erbel et al., 2014).
Pro-atherogenic IL-17C, expressed mainly by aortic SMCs
in AnoE~~ mice, is involved in the recruitment of T cells
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and macrophages into the aortic wall (Butcher et al., 2016).
TGF-B-(H,0,-) inducible clone 5 (His-5), expressed on the
surface of ECs and SMCs, is involved in the formation of
structures that are similar to the microvilli on the surface of
ECs, which enhance the adhesion of monocytes to the ECs
(Arita-Okubo et al., 2015).

Transcription factor NF-kB is a key regulator

of the gene expression of cell adhesion molecules
under conditions of physiologically

low and low/oscillatory wall shear stress

The transcription factor NF-kB positively regulates the ex-
pression of cell adhesion molecules with the participation of
other transcription factors and coactivators. The VCAM-1 gene
promoter has two NF-«B sites that are required for transcrip-
tion activation (Neish et al., 1992). The C/EBP and NF-«xB
sites were identified in the ICAM-1 gene promoter, and muta-
tions in the latter completely suppress the activation of the
ICAM-1 promoter (Ledebur et al., 1995). The ELAM-1 gene
promoter includes a CRE/ATF site, three NF-«B sites and three
HMG I(Y) sites; two of the HMG I(Y) sites are located within
the NF-«B sites (the interaction of HMG I(Y) and NF-«B
with small and large DNA grooves, respectively). All three
NF-«B sites are required for promoter activation and enhance
the affinity of NF-xB and ATF-2 for the promoter (Whitley
et al., 1994). The promoter of the MCP-1 gene (monocyte
chemoattractant protein-1) contains the NF-«B site and the
AP-1 site, which are necessary for maximum induction of the
promoter (Martin et al., 1997). The core element GAGACC
(SSRE) was identified in the pro-atherogenic platelet growth
factor (PDGF) promoter that stimulates the proliferation and
migration of SMCs (Resnick et al., 1993); it was found to
interact with NF-kB (Davis et al., 2003).

In ECs, the most common p50/p65 (RelA) heterodimer is
NF-kB. It is well known that, in the cytoplasm, latent NF-xB
is associated with an inhibitor of IxB (mainly IxBa) and is
inactive. When ECs are stimulated by cytokines TNFa, IL-1 or
bacterial lipopolysaccharide (LPS) that interact with specific
EC receptors, signaling pathways are activated, leading to the
activation of the IxB kinase (IKK complex), which specifically
phosphorylates IxB. After the ubiquitination of IkB and its
proteasomal degradation, free NF-kB is translocated into cell
nuclei (factor activation), interacts with elements of the DNA
major groove and activates the expression of genes involved in
the immune response, cell survival, carcinogenesis and inflam-
mation (with the participation of other transcription factors
and coactivators) (Oeckinghaus et al., 2011; Yu et al., 2015).
Early studies demonstrated that active NF-kB and ICAM-1
were present in ECs, macrophages and SMCs in atheroscle-
rotic plaques of arteries of deceased patients but were absent
in the intima or media of the healthy arteries of those patients
(Brand et al., 1996). OxLDL triggers in the ECs in vitro and
in vivo signaling pathways for IKK complex activation; this
includes the activation of focal adhesion kinase (FAK) and
ribosomal S6 kinase (RSK) and leads to NF-«kB activation,
VCAM-1 expression and monocyte adhesion to ECs (Yurdagul
et al., 2016). Using the model flow channel system (Frangos
et al., 1985) that is created by a laminar pulsating flow of the
culture medium containing monocytes, in which an average
physiologically low and uniformly distributed WSS acts on

555



E.L. Mishchenko, A.M. Mishchenko
V.A. Ilvanisenko

the EC monolayer, it was shown that a mechanical stimulus
(physiological low WSS) activates the IKK complex and
NF-kB and stimulates VCAM-1 expression and monocyte
adhesion to the ECs (Mohan et al., 1999). A model spatial
gradient of averaged low/oscillatory WSS, close to the gra-
dient of WSS in arterial branchings and bends, resulted in a
more efficient activation of NF-kB compared to uniformly
distributed low WSS (Nagel et al., 1999).

High activation of NF-kB was observed in ECs that were
cultivated based on a model of the calculated WSS profile in a
site of the human carotid sinus (atherogenic region, averaged
low/oscillatory WSS) compared with a model of the calcu-
lated WSS profile in the distal segment of the carotid artery
bifurcation (atheroprotective region, high average WSS) or
cells at rest (Dai et al., 2004). A study of the transcriptional
expression of the VCAM-1 endothelium from the nature of
haemodynamics and calculated profiles of WSS in the seg-
ments of the left and right coronary arteries showed that low/
oscillatory WSS at the outer wall of the bifurcation of the
left anterior descending artery (atherogenic region) induces
a significantly higher expression of VCAM-1 compared to a
straight region of the right artery (laminar flow, high WSS), in
which atherosclerotic plaques are largely unformed (O’Keeffe
et al., 2009). The mapping of the endothelial expression of
NF-kB/IkB and the activation of NF-kB in areas of the aortic
arch of mice with high (high probability, HP; internal arch of
the aortic arch) and low (low probability, LP; external arch of
the aortic arch) probability of atherosclerotic plaque formation
demonstrated that in the HP region with low/oscillatory WSS
(Suo etal., 2007), the expression of NF-kB/IkB and the activa-
tion of NF-«kB significantly exceeded those in the LP region
(Hajra et al., 2000). S. Cuhlmann et al. (2011) also detected
increased expression of the RelA subunit NF-xB and a higher
nuclear localisation compared with the LP region in the HP
region of the aortic arch of mice. Moreover, this was correlated
with increased expression of VCAM-1 and the accumulation
of CD68" macrophages in the HP region.

The gap-junction protein connexin 40 (Cx40), expressed
in ECs under low WSS conditions, whose cytoplasmic C-ter-
minus interacts with IkBa and inhibits its phosphorylation,
is a negative regulator of NF-«xB activation in areas with low
WSS (Denisetal., 2017). Conversely, mechanosensitive phos-
phatidic acid phosphatase (PPAP2B) regulates NF-«B activity,
expression of adhesion proteins, monocyte adhesion and TEM
under high WSS. PPAP2B shows increased expression in
ECs under atheroprotective flow characteristics (high WSS,
laminar flow) and shows decreased expression under athero-
genic characteristics (low WSS, disturbed flow). PPAP2B
hydrolyses lysophosphatidic acid (LPA), a pro-atherogenic
and thrombogenic glycerophospholipid in the blood and,
thereby, blocks signaling pathways activated by the interac-
tion of LPA with cellular LPA receptors (LPAR). LPA-LPAR1
interaction activates the Rho kinase-NF-kB signaling pathway
and the subsequent transcriptional expression of ICAM-1,
VCAM-1 and E-selectin in ECs (Shimada et al., 2010; Wu et
al., 2015).

LPA-LPAR1/2 interaction leads to an increase in the contr-
actility of ECs and the permeability of the endothelial mono-
layer (Wu et al., 2015). LPA is an extracellular signaling
molecule that is capable of interacting with at least six G pro-
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tein-coupled cellular receptors, initiating intracellular signal-
ing cascades (Yung et al., 2014) and exerting multiple effects
on blood cells (platelets, monocytes) and vascular wall cells
(ECs, SMCs). Therefore, in platelets, LPA induces a change
in the shape, aggregation, and formation of platelet-monocyte
aggregates. In ECs, LPA induces cell migration, expression
of VCAM-1, ICAM-1, E-selectin, chemokines (CXCL1),
formation of actin stress fibres and cell contraction. In SMCs,
LPA induces cell contraction, migration and proliferation.
Additionally, LPA accumulates in the lipid-rich core of athero-
sclerotic plaques, and, when ruptured, enters the bloodstream
and activates platelets, leading to the formation of blood clots
(Schober, Siess, 2012). Endothelial NO synthase (eNOS) is
also expressed under physiologically high WSS. Under these
conditions, the eNOS promoter is activated through the in-
teraction of NF-kB with the GAGACC element (Davis et al.,
2003). eNOS produces NO, an inducer of IkBa expression.
NO stabilises the NF-kB-IkBa heterotrimer in the cytoplasm
and induces IkBa translocation into cell nuclei, leading to the
inactivation of NF-xB and the termination of NF-kB-mediated
transcription (Spiecker et al., 1997). Moreover, NO inhibits
IxB kinase (IKK complex), a positive regulator of NF-kB
activation (Yurdagul et al., 2013).

Mechanosensitive signaling pathways

that control the transcriptional expression

of the RelA subunit of NF-kB in endothelial cells
The WSS, created by the blood flow to the walls of the arteries,
activates mechanosensitive signaling pathways in the ECs.
A mechanosensor localised in the cell membrane perceives a
mechanical stimulus (WSS) and triggers intracellular signal-
ing that activates specific transcription factors, which regulate
the transcriptional expression of proteins. The internal bend
of the aortic arch and the areas of arterial bifurcation, where
low and low/oscillatory WSS are realized, are associated with
the localisation of atheroma. In the same areas, increased ex-
pression of active c-Jun N-terminal kinase 1 (JNK1), which
belongs to mitogen-activated protein kinases (MAPK), was
revealed (Zakkar et al., 2008), as well as increased expres-
sion and nuclear localisation of the RelA subunit of NF-kB
(Cuhlmann et al., 2011). The hypothesis that physiologically
low WSS regulates the expression of RelA and NF-«xB target
genes (VCAM-1 and others) through the JNK1-dependent
pathway was proved by modelling the haemodynamics of
the carotid artery in mice. The implantation of a tapered cuff
around the mouse carotid artery generates a laminar blood
flow with a low velocity and low WSS upstream of the cuff
and disturbed, low velocity and low/oscillatory WSS down-
stream of the cuff (Cheng et al., 2006; Xing et al., 2016).
This approach demonstrated that increased expression of
RelA and activated JNK1 is realised in regions with low
and low/oscillatory WSS. The transcription factor ATF2 is
activated by JNK1 (phosphorylation) and interacts with the
Rel A promoter sites to activate the promoter. Thus, in areas
with low/oscillatory WSS, the INK-ATF2-RelA signaling
pathway is implemented, which stimulates the expression of
RelA and NF-kB target genes (VCAM-1). The pathway also
stimulates the accumulation of CD68* macrophages, which
are an indicator of the development of arterial inflammation
(Cuhlmann et al., 2011).
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The signaling pathway for the transcriptional expres-
sion of RelA upstream of JNK1 includes the activation of
integrins, which is initiated by the stimulation of the cell
surface mechanosensory complex and an integrin-dependent
signaling cascade, leading to the activation of JINK1. The cell
surface mechanosensory complex includes the PECAM-1 and
VE-cadherin receptors and the vascular endothelial growth
factor 2 receptor (VEGFR2), which belongs to the receptor
tyrosine kinase subfamily (Tzima et al., 2005). In this com-
plex, PECAM-1 is a key mechanosensitive signaling molecule
that perceives a mechanical signal and converts it into a chain
of intracellular biochemical reactions. WSS, acting on the
extracellular domain of PECAM-1, affects the conformation
of the cytoplasmic domain of PECAM-1 and the availability
of Tyr663 and Tyr686 of this domain for phosphorylation.
Phosphorylation is conducted by membrane-bound Fyn ty-
rosine kinase (family of Src tyrosine kinases), which is lo-
calised in intercellular contacts near PECAM-1 (Chiu et al.,
2008). PECAM-1/PECAM-1 intercellular EC interactions
through the extracellular domains of PECAM-1 (Paddock et
al., 2016) are required for efficient phosphorylation and the
triggering of intracellular mechanosensitive signaling (Chiu
et al., 2008; Snyder et al., 2017). Activated PECAM-1 and
VE-cadherin (which functions as an adapter and is associated
with VEGFR?2) facilitate the phosphorylation of VEGFR2 at
Tyr801 and Tyr1175 by the Src tyrosine kinase. In turn, the
phosphorylated VEGFR2, through direct interaction with
the regulatory p85 subunit of the phosphatidylinositol-3-OH
kinase (PI(3)K), phosphorylates PI(3)K (Tzima et al., 2005).

The activated PI(3)K stimulates the conformational acti-
vation of integrins through the conservative pathway of the
association of phosphatidylinositol-3,4,5 triphosphate (PI1(3)K
product) with pleckstrin homology (PH) domains of cytohe-
sin-1 or cytohesin-like proteins. This is followed by the trans-
location of these proteins to the plasma membrane and their
association with the cytoplasmic domains of the § subunits
of integrins, which is realized in various types of cells. This
interaction leads to conformational changes in the extracellular
domains of the o and  subunits of integrins and an increase in
their affinity for specific ECM proteins, as well as clustering
(Hughes, Pfaff, 1998; Hynes, 2002). In athero-resistant areas
of arteries, the ECM is rich in CL (IV) and LN. However, in
atherogenic regions (low/oscillatory WSS conditions), the
ECM is enriched in the pro-inflammatory proteins FN and
FG (Orr et al., 2005; Feaver et al., 2010; Collins et al., 2014).
Antibodies specific to ligated B1 and B3 integrins were used
to show that, under conditions of low/oscillatory WSS, there
is an increase in the binding of a5B1 integrin to FN (ligand
of a5B1, avp3, avps integrins) and of avp3 integrin to VN.
Thus, the conformational activation of integrins and the
dynamic formation of new bonds of integrins with specific
ligands occur — ECM proteins are realized (Jalali et al., 2001;
Tzima et al., 2001).

The composition of the ECM and the ligation of integrins
by the ECM proteins activate many intracellular signal-
ing cascades — in this case, the Shc-Grb-Sos-Ras-MAPK
signaling pathway. The cellular adapter protein Shc, acti-
vated under conditions of low/oscillatory WSS by tyrosine
kinases Src and VEGFR2 close to the EC contacts (phos-
phorylation of Tyr239/240), forms an early unstable complex
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She:VEGFR2-VE-cadherin (Liu et al., 2008). Next, a stable
complex Shc with an avp3 integrin that is ligated with FN or
VN is formed (Chen et al., 1999; Jalali et al., 2001; Liu et al.,
2008). Additionally, Shc associates with the B1 and 5 integ-
rins that are ligated with FN and VN (Chen et al., 1999; Jalali
etal., 2001). In this manner, Shc coordinates the intercellular
contact proteins (VE-cadherin) and integrin-ECM interactions
under low/oscillatory WSS conditions. Membrane-associated
small G proteins Ras (small GTPases Ras) function cyclically
between active Ras*GTP and inactive Ras-GDP forms, which
are amolecular switch of an intracellular signal in response to
an extracellular stimulus (Johnson, Chen, 2012). The comp-
lexes of phosphorylated Shc with the avB3, f1 and B5 integrins
formed on the cytoplasmic side of the plasma membrane are
accompanied by the association of Shc with the cytoplasmic
Grb2-Sos complex of the growth factor receptor-bound pro-
tein 2 (Grb2) and the guanine nucleotide exchange factor Sos.
This complex stimulates the rate of exchange of the GDP
associated with Ras, on the GTP (the interaction of Shc with
Grb2-Sos recruits Sos to the cytoplasmic side of the plasma
membrane, providing the activation of membrane-localised
Ras‘GDP) (McCormick et al., 1993). In turn, activated Ras
stimulates cytoplasmic Raf kinase (kinase kinase MAPK,
MAPKKK, MEKK) and recruits Raf to the inner surface
of the plasma membrane through direct interaction with its
regulatory domains and the subsequent phosphorylation of
four sites of the kinase domain (Dumaz, Marais, 2005). Raf,
activated via a MAP kinase cascade, activates MAPK (JNK)
(Davis, 2000).

However, the activation of Shc and membrane-associated
heterotrimeric G proteins (that consist of a, B, and Y sub-
units) leads to the stimulation of Ras under the conditions
of the action of WSS on the cells. In the absence of WSS,
G proteins are activated via association with ligand-activated
receptors: the o subunit exchanges the GDP bound to it for
GTP and dissociates from the Y dimer. The o-GTP and BY°
complexes become mediators of cellular event signaling until
the o subunit restores its inactive GDP-bound state (since it
has GTPase activity.) The reassociation of a-GDP with the BY°
dimer provides an inactive G . heterotrimer that is capable
of entering a new activation cycle (Simon et al., 1991). Al-
terations in the physical properties of membranes under WSS
conditions (including the ordered configuration of the phos-
pholipid bilayer [lipid order], fluidity and cholesterol content)
affect the conformation and functions of membrane-associated
proteins and, as a result, the signaling pathways activated by
these proteins (Yamamoto, Ando, 2018).

Purified heterotrimeric G proteins in phospholipid lipo-
somes loaded with [Y-32P]JGTP were shown to be activated
by the action of physiological levels of WSS on liposomes
(Gudi et al., 1998). Within 1 second, a physiologically low
WSS activated the Gag/1; and Gajg/o subunits of G proteins in
ECs (Gudi et al., 1996). The activated Gog and Ggy- subunits
dissociated from them under conditions of a WSS gradient
in a physiologically low range and initiated Ras activa-
tion and downstream MAPK signaling (Gudi et al., 2003).
Moreover, two primary basic mechanosensors, Gog/1; and
PECAM-1, establish a mechanosensitive Gag/;;"PECAM-1
complex, which is formed under conditions of laminar flow
(physiological high WSS) in vivo (atheroprotective straight
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region of the descending aorta of mice) and in vitro. Under
oscillatory flow conditions (low/oscillatory WSS), leading to
the activation of G proteins, this complex is rapidly (within
30 seconds) destroyed (Otte et al., 2009). The formation of
the Gag/1;"PECAM-1 complex involves PECAM-1 extracel-
lular Ig-like domains 2 and 3, as well as a Gag/q; interacting
receptor that associates with Gag/;; and PECAM-1 Ig-like
domains 2 and 3 and serves as a bridge in the formation of the
complex (Yeh et al., 2008). The PECAM-1-Ga,/1; complex
also includes heparan sulfate proteoglycan, which associates
with the Ig-like domain 3 of PECAM-1 and mediates the
formation of the PECAM-1-Gayg/;; complex (Paz etal., 2014).

Conclusion

Computer modelling of the blood flow in the arteries makes
it possible to determine the most atherogenic areas of the
arteries, which are characterised by low and low/oscillatory
WSS. The transcription factor NF-kB and the cell adhesion
molecules ICAM-1, VCAM-1 and E-selectin are the earliest
markers of atherogenesis. Therefore, the processes involved in
the expression of these proteins under the conditions induced
by a mechanical stimulus (low and low/oscillatory WSS) on
endothelial cells are of great interest. This review presents an
analysis of numerous studies that demonstrated how the activa-
tion of membrane-bound proteins that perceive a mechanical
stimulus (low and low/oscillatory WSS) triggers a cascade
of biochemical reactions that lead to the transcriptional ex-
pression of NF-kB, a key regulator of the expression of cell
adhesion molecules. This review also describes in detail the
mechanisms of interaction between the endothelial cell adhe-
sion molecules and blood leukocytes that are responsible for
adhesion and the subsequent TEM of leukocytes during the ini-
tial stage of atherogenesis. Studying the molecular processes
involved in the initiation and development of atherosclerosis
is extremely important for the development of an effective
defence against this disease.
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Phage display as a tool for identifying
HIV-1 broadly neutralizing antibodies
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Abstract. Combinatorial biology methods offer a good solution for targeting interactions of specific molecules
by a high-throughput screening and are widely used for drug development, diagnostics, identification of novel
monoclonal antibodies, search for linear peptide mimetics of discontinuous epitopes for the development of
immunogens or vaccine components. Among all currently available techniques, phage display remains one of
the most popular approaches. Despite being a fairly old method, phage display is still widely used for studying
protein-protein, peptide-protein and DNA-protein interactions due to its relative simplicity and versatility. Phage
display allows highly representative libraries of peptides, proteins or their fragments to be created. Each phage
particle in a library displays peptides or proteins fused to its coat protein and simultaneously carries the DNA
sequence encoding the displayed peptide/protein in its genome. The biopanning procedure allows isolation of
specific clones for almost any target, and due to the physical link between the genotype and the phenotype of
recombinant phage particles it is possible to determine the structure of selected molecules. Phage display tech-
nology continues to play an important role in HIV research. A major obstacle to the development of an effective
HIV vaccine is an extensive genetic and antigenic variability of the virus. According to recent data, in order to pro-
vide protection against HIV infection, the so-called broadly neutralizing antibodies that are cross-reactive against
multiple viral strains of HIV must be induced, which makes the identification of such antibodies a key area of HIV
vaccinology. In this review, we discuss the use of phage display as a tool for identification of HIV-specific anti-
bodies with broad neutralizing activity. We provide an outline of phage display technology, briefly describe the
design of antibody phage libraries and the affinity selection procedure, and discuss the biology of HIV-1-specific
broadly neutralizing antibodies. Finally, we summarize the studies aimed at identification of broadly neutralizing
antibodies using various types of phage libraries.
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AHHoTauua. KombrHaTopHaa 6enkoBas MHXEHepua — BOCTPEOOBaHHbLIN WHCTPYMEHT ANA pelleHun 3agad,
CBA3aHHbIX CO CKPUHMHIOM 6ONbLIOro pa3HOO6pasmA B3aVMOAENCTBYIOLNX MONEKYS: pa3paboTKy NeKkapcTs,
CPeAcCTB ANArHOCTUKN, naeHTUdMKaLMyM aHTUTES, Noncka KOHGOPMaLIMOHHbIX UMUTAaTOPOB aHTUIEHHbIX JeTep-
MWHaHT AN CO34aHVsA UMMYHOTEHOB MM KOMMOHEHTOB BakUUH. Cpean Bcex Nofo6HbIX METOANK OfHA 13 Hau-
6onee NonynspHbIX — TeXHoNorus ¢GaroBoro AMcnes, NOsSBMBLLASACA BO BTOPOV NnonoBrHe 1980-X IT., OAHAKO B
CUITy OTHOCUTENBbHOW NPOCTOTbI Y YHUBEPCANIbHOCTY NMO-MPEXHEMY aKTUBHO NPUMEHAIOLLAACA ANA U3yyeHuns be-
nok-6enkoBblx, NenTng-6enkobix 1 JHK-6enKoBbIx B3aumogencTeuin. Garosbiii AUCnel No3BonseT co3aaBaTbh
BbICOKOMNpeCTaBuTeNbHbIe 6UGMOTEKN NenTUAOB, 6enKoB NN nx GparMeHTOB, B KOTOPbIX Kaxaasa paroBas
YyacTurLa SKCMOHMPYET Ha CBOel MOBEPXHOCTU NCCNiefyemble NenTuabl v 6eNKn 1 O4HOBPEMEHHO HeceT B CBO-
eM reHome nocnepoBatenbHocTb [HK, kogupytolyto sKkcnoHnpyemblin nentug/6enok. Mpouenypa addrHHOM
cenekumm No3BoNAET HaXoAMTb crieLdryeckme GparoBble KNOHbI PaKTUYECKM K 1000 MULLIEHM, @ 3a CYET Hanu-
yna GM3NYECKON CBA3N MEXTY reHOTUMOM 1 GEHOTUMOM MOXKHO 3GbEKTVBHO ONPERENnTb CTPYKTYpYy OTOOpaH-
HbIX MOMNEKYS. 3HaUUTENbHYIO POJb TeXHOMOrA $aroBoro AuCnes cbirpana B UCCIeA0BaHUAX, HaNPaBEHHbIX
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MpumeHeHne parosoro agncnnen
ana noncka BUY-1-HenTpanusyowmx aHTuTen

Ha U3yYeHune aHTUTeHHOW CTPYKTYpbl BUpYyca MMMyHoaedunumTa Yyenoseka (BUY-1) n paspabotky cpeacts 60pb-
6bl ¢ 3TMM 3aboneBaHmem. CepbesHas Npobnema, U3-3a KOTOPOI A0 CKX MOP He yAaAeTcs co3aaTth SGPeKTUBHYO
aHTW-B/Y-BaKUMHY, — CUNbHasA aHTUreHHas M3MEHUYMBOCTb BUpYCca. COrnacHO COBPEMEHHbIM MPEACTaBEHUAM,
ana obecneyeHuns 3awWnTbl OT MHGMLUUPOBAHUA HEOOXOAUMO CTUMYNUPOBATb MHAYKLUMIO B OpraHu3me BUpYC-
HEeNTPanu3yLWmMX aHTUTeS, akTUBHbIX B OTHOLIEHMN 6ONbLIOrO YMcna pasfinyHbIx Wwrammos BUY-1. CooTtaeT-
CTBEHHO, naeHTUdMKaLma NofoOHbIX aHTUTEN ABNAETCA BaXKHOW UCCNIef0BaTeNIbCKOM 3ajayell. Tema HacToALero
0630pa — npyMeHeHne $paroBoro ANCMen B KayecTBe MHCTPYMeHTa AnA nomcka B/Y-1-HenTpanusyowmx aHTu-
Tes WMPOKOro cnekTpa Aenctaus. MpefcraBneHbl KnioyeBble XapakTepUCTUKN TexHonoruy ¢aroBoro gucnnes,
KpaTKO OMrcaH NpoLecc NofyyeHns 61ubnmoTek aHTUTeN, NpoBeaeHNa npoueaypbl adduHHOM cenekumy, a Tak-
Xe obcyxpaetca peHomeH BUY-1-HenTpanusyioWwmnx aHTUTEN LWNPOKOTO CriekTpa Aenctausa. MNprsoanTca 063op
nccnefoBaHniA, NOCBALLEHHbIX MOWCKY KPOCC-HENTPaNM3YOLWMX aHTUTEN C UCMNONb30BaHUEM Pa3NINYHbIX TUMOB
¢daroBbIx 6M6NMOTEK.

KnioueBble cnoBa: ¢aroBblin gucnneid; 6nbnmotekn aHtuten; BUY-1; HelTpanusyowme aHTUTENa WNPOKOro

cnekTpa gencrena (bnAbs).

Introduction

Phage display was first described in 1985 by George Smith
and Gregory Winter, who were awarded the 2018 Nobel Prize
in Chemistry for this discovery. They reported that foreign
peptides could be successfully expressed on the surface of
bacteriophage particles by integrating a gene of interest into
a phage genome upstream of its coat protein open reading
frame (Smith, 1985). It is noteworthy that a conceptually
similar study was independently conducted by a Russian
scientific group led by A.A. Ilyichev, who incorporated a
peptide-coding sequence into the pVIII protein gene of M13
phage (Ilyichev et al., 1992; Minenkova et al., 1993). Later,
G. Smith and colleagues proposed a selection strategy for the
enrichment of population of recombinant phage clones that
specifically bind to the target ligand, using affinity enrich-
ment process (Smith, 1985). Since there is a direct physical
link between the genotype of the recombinant phage particle
and the phenotype of the fusion protein, this method allows
the identification of DNA sequences encoding selected mo-
lecules.

Subsequently, G. Smith and colleagues described the
creation of combinatorial phage libraries that contain a large
number of phage particles, each carrying a unique protein
or peptide on its surface. Currently, one the most common
types of phage libraries used for studying various protein-
to-protein, receptor-ligand interactions or protein engineer-
ing are antibody phage libraries displaying single-stranded
(scFv) and antigen-binding (Fab) fragments of [gG molecules
(McCafferty et al., 1990; Winter et al., 1994). There are also
alternative antibody formats used for the construction of anti-
body phage libraries, such as variable domains of antibodies
from the heavy chains of camelids (VHH, or nanobodies)
and sharks (VNAR) (Davies, Riechmann, 1995; Greenberg
etal., 1995).

In order to create phage antibody library, antibody frag-
ments to be exposed are usually fused to the N-terminus
of the plll phage coat protein. Despite the fact that all the
phage coat proteins can be used for phage display, only pIII
is suited to expose large peptides or proteins without loss of
infectivity and functional activity of phage particles (Kay
et al., 1993; Kishchenko et al., 1994; Mullen et al., 2006;
Tikunova, Morozova, 2009). In early phage display systems,
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gene sequences encoding for antibody fragments were in-
serted directly into phage genome (McCafferty et al., 1990;
Scott, Smith, 1990). Currently, a separate plasmid vector,
also known as phagemid, is commonly used to introduce
target DNA inserts into the phage genome. Phagemid carries
recombinant pIlII fusion gene, as well as phage and bacterial
replication origins (thus can be replicated independently of
phage production), but it lacks phage genes necessary for
infecting, replicating, assembling and budding phage par-
ticles. In order to produce recombinant phages, phagemid-
transformed Escherichia coli cells should be coinfected
with a helper phage that carries wild-type phage genome
including all the remaining phage genes required for the
phage life cycle (Ledsgaard et al., 2018). The phage origin
of replication in the phagemid enables its packaging into the
forming virions as a single-strand DNA. Thus, the resulting
phage particles contain both recombinant and wild-type
forms of pIlI from the helper-phage, so the infectivity is not
compromised (Felici et al., 1991).

Immune libraries are usually generated from B-cell derived
antibody repertoire of immunized animals or reconvales-
cent donors. Phage immune libraries contain about 107108
unique phage clones displaying antigen-specific antibodies
on their surface (Kennedy et al., 2018). In some cases, “naive”
libraries, based on lymphocyte mRNA of unvaccinated/
healthy donors, or intact animals, as well as “synthetic”
libraries, based on de novo synthesized oligonucleotides,
may be used in order to enhance diversity of the antibody
repertoire (Griffiths, Duncan, 1998; Tikunova, Morozova,
2009). The representativeness of the phage libraries can
reach up to 10°-1010 for “naive” and 101°-10! for “syn-
thetic” libraries (Zhao et al., 2016; Kennedy et al., 2018;
Muyldermans, 2021).

Construction of antibody phage display libraries

The library’s construction begins with RNA isolation from
hybridoma cell lines, spleen cells from immunized ani-
mals, or B-lymphocytes from human peripheral blood, and
subsequent cDNA synthesis (Clackson et al., 1991). Then,
using isotype-specific primers, the variable regions of im-
munoglobulin light (VL) and heavy (HV) chain genes (or
solely VH in the case of VHH) are amplified and cloned
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into a phagemid vector between the plll-encoding gene and
N-terminal signal sequence, which directs fusion protein to
periplasmic translocation. These phagemids encoding diverse
VH/VL gene combinations are then used for the transforma-
tion of E. coli cells that are co-infected with a helper phage,
leading to the production of a set of phage particles expos-
ing different antibody fragments (Skerra, Pluckthun, 1988;
Tikunova, Morozova, 2009; Hammers, Stanley, 2014).

Following that, a biopanning procedure (a process of se-
lecting phage clones that carry antigen-specific variants of
antibody fragments) is carried out. To do this, the library is
incubated with the target antigen that is immobilized on an
immune plate, magnetic beads, or immunosorbent. Unbound
particles are then washed, and a fraction of target-specific
phages can be eluted using buffer with low or high pH or by
adding a competing protein or peptide that strongly inter-
feres with binding of the target molecule to selected phages
(Smith, Petrenko, 1997). Another frequently used method
of biopanning, probably the most effective, involves affini-
ty selection using target molecules labeled with SS-biotin
(Chames, Baty, 2010). The target molecule must be im-
mobilized via a streptavidin-coated template. After that,
the procedure involves standard incubation of the phage
library and washing the unbound phage clones. SS-biotin
contains a disulfide bond that can be cleaved by treatment
with sulfhydryl, which enables the separation of a complex
target (specific phage) from the substrate by adding a reduc-
ing agent such as dithiothreitol or 2-mercaptoethanol. This
method provides a significant increase in the percentage of
target-specific clones during biopanning, since the eluate
obtained this way doesn’t contain any phages that are non-
specifically bound to the substrate.

After each round of biopanning, eluted phage clones are
used to infect E. coli, which are then cultured and super-
infected with helper phage. The produced progeny phage
particles are used for subsequent rounds of affinity selec-
tion. Commonly, one or two rounds of panning are enough
to enrich the library with antigen-specific phage clones,
though in the case of synthetic libraries (which are more
representative but less specific) the number of rounds might
be increased up to five.

Phage titering is done after every affinity screening to
assess the amount of target-specific clones. The specificity
of each phage clone can be assessed using enzyme-linked
immunosorbent assay (ELISA), immunoblotting or flow
cytometry. After the final round of biopanning, phages with
the highest affinity are picked up, amplified, sequenced and
used for phage DNA extraction and amplification of VHH,
Fab- or scFv-coding sequences, which are then subcloned
into an expression vector in order to express the soluble
forms of corresponding proteins. Such Fab/scFvs can also be
converted into full-length monoclonal antibodies (mAbs) by
in-frame cloning of VH and VL genes into the cassette vector
that harbors appropriate heavy IgG constant region genes.

In the final step, identified antibodies should be validated
for their avidity and affinity against the target antigen via
ELISA, western blotting or another immunological assay
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Fig. 1. Scheme representing generation of phage display antibody lib-
raries and biopanning procedure.

(Alfaleh et al., 2020). The general scheme of the method is
shown in Fig. 1.

The number of panning rounds can vary depending on
whether a greater variety of clones or a greater specificity of
fusing to an antigen is required. Additionally, double recogni-
tion panning against two antigens can be carried out for the
selection of bispecific antibodies (Hammers, Stanley, 2014).

Phage display has plenty of applications: it is used for
the development of antibacterial therapeutic agents (Chris-
tensen et al., 2001; Huang et al., 2012; Ashby et al., 2017),
biosensors (Moon et al., 2019; Sozhamannan, Hofmann,
2020), identification of mAbs for treatment of dermatolo-
gical, autoimmune diseases or cancers (Chan et al., 2014;
Hammers, Stanley, 2014; Nixon et al., 2014; Alfaleh et al.,
2020), as a platform for targeted drug and vaccine delivery
(Clark, March, 2004; Petrenko, Jayanna, 2014; Nemudraya
et al., 2016), as a tool for diagnostics and treatment of viral
infections (Castel et al., 2011; Hess, Jewell, 2020). Phage
display also has broad applications in the field of HIV-1
research: mapping epitopes recognized by HIV-neutralizing
antibodies; searching for HIV-derived peptide mimics, which
could be used a fusion inhibitors, components of vaccines
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and diagnostics; identifying HIV-neutralizing antibodies with
broad neutralizing activity.

Below we review some examples of identification of
HIV-1 broadly neutralizing antibodies using phage display
technology.

Broadly neutralizing antibodies

One of the prominent features of human immunodeficiency
virus is its phenomenal ability to evade the humoral immune
response by rapidly mutating due to the low fidelity of HIV-1
reverse transcriptase which markedly enhances the genetic
variation of the virus and makes it mutate very quickly —
at the highest rate for any biological entity (Cuevas et al.,
2015). Mutations occurring after each cycle of viral replica-
tion often cause structural changes in HIV immunodominant
regions. As a result, the majority of antibodies elicited against
HIV infection are strain-specific, and either are non-neutra-
lizing or lose the ability to neutralize the virus after several
replication cycles due to antigen escape. In this regard, it
was believed that HIV-1 neutralizing antibodies could not be
induced or it occurs extremely rarely (Mccoy, Burton, 2017).
Nevertheless, these antibodies were lately found in so-called
HIV long-term non-progressors — HI V-infected patients who
do not develop immunodeficiency in the absence of antiretro-
viral therapy. Sera of non-progressors exhibited HIV-neutra-
lizing activity not only against host strains, but also against a
panel of different HIV-1 isolates (Dhillon et al., 2007; Walker
etal., 2010; Sok, Burton, 2018; Dashti et al., 2019).

It was originally thought that induction of antibodies with
broad HIV-1 neutralizing activity is a unique feature of non-
progressors which provide them with the ability to control
viremia for a long time (Montefiori et al., 1996). Later, it
was shown that bnAbs is elicited in 20-50 % of all HIV-1
infected patients, but it takes a very long time before mature
neutralizing antibodies can be arisen: the affinity matura-
tion process may last up to several years from the moment
of infection (Doria-Rose et al., 2009; Hraber et al., 2014;
Rusert et al., 2016). It was shown that passive administra-
tion of a single bnAbs or its combinations to non-human
primates completely protected animals against SHIV infec-
tion (Hessell et al., 2009; Moldt et al., 2012; Shingai et al.,
2014). Moreover, passive transfer of bnAbs to HIV-infected
individuals correlated with a long-term viral load reduction
to undetectable levels (Lynch et al., 2015; Scheid et al.,
2016), and in some cases, a host-protective humoral immune
response was formed (Schoofs et al., 2016).

Today, the majority of HIV researchers acknowledge that
an immunogen capable of eliciting broadly neutralizing
antibodies may provide protection against HIV. Thus, the
search for bnAbs and the development of immunogens aimed
at elicitation of broadly neutralizing antibodies are among
the most important tasks of modern vaccinology.

Phage display as a tool for identification
of HIV-1 broadly neutralizing antibodies
The first studies devoted to the identification of bnAbs using
phage display were published in the early 1990s. At that
time, there were practically no data on broadly neutralizing
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antibodies. However, detailed information about the anti-
genic structure of HIV-1 had already been obtained, which
resulted in the understanding that in order to provide effective
protection against the virus, the humoral immune response
must be targeted to the conserved viral epitopes, which are
less susceptible to mutagenesis (Kowalski et al., 1987; Habe-
shaw et al., 1990; Putney, 1992). These fragments have been
considered as the main targets for neutralizing antibodies.
Subsequently, other HIV-1 antigenic determinants were
discovered, which are critical for the HIV entry into the host
cells, also known as sites of vulnerability (Shcherbakov et
al., 2015; Kwong, Mascola, 2018). Up to date, at least seven
sites on HIV Env that are vulnerable to antibody-mediated
protection have been identified (Fig. 2).

bnAbs recognizing conserved regions

of the gp120 glycoprotein

IgG1bl12 was the first HIV-1 broadly neutralizing antibody
derived using phage display (and also one of the first des-
cribed bnAbs). In 1991, D.R. Burton et al. obtained an im-
mune Fab library of bacteriophages based on B-cells from
the bone marrow of an HIV-positive non-progressor (Barbas
et al., 1991; Burton et al., 1991). After the panning of the
resulting library against the HIV-1 I1IB gp120 glycoprotein,
they selected phage clones that specifically bound with
gp120. As a result, specific combinations of VH: VL genes
were identified and expressed in the Fab format. It was shown
that these Fabs were able to compete with the soluble CD4
molecule (sCD4) for binding to gp120 in ELISA (Burton et
al., 1991). In their next work, the authors demonstrated the
ability of selected Fabs to neutralize [1IB, MN and RF HIV-1
strains (Barbas et al., 1992).

Expanded screening of the phage library and more de-
tailed analysis revealed a clone displaying the Fab fragment
numbered b12, which binds with high affinity to the mature
form of gp120 at the CD4bs (Roben et al., 1994). Later, a
full-length recombinant IgG1b12 antibody was obtained,
which became one of the first HIV-1 broadly neutralizing
antibodies discovered (Burton et al., 1994).

Neutralization breadth of IgG1b12 has been repeatedly
evaluated using different viral strains and panels of primary
HIV-1 isolates. Depending on the panel used, b12 neutralized
30-63 % of the pseudovirus/primary isolates panels used
in the experiment (at a concentration of IC50 < 50 pg/ml),
whereas the highest neutralization potency was demonstrated
against HIV-1 subtype B (clade B HIV-1) (Burton et al.,
1994; Walker et al., 2009; Corti et al., 2010; Wu et al., 2010;
Zhang et al., 2012; Gach et al., 2013). Before the advent of
the second generation bnAbs, obtained by sorting affinity
B-cells memory (Sok, Burton, 2018), among all detected
at that time cross-neutralizing antibodies IgG1b12 was one
of the leaders in the number of neutralized isolates HIV-1.

bNADbs specific to CD4 binding site

M.Y. Zhang et al. were the first researchers who identified
two CD4bs-specific broadly neutralizing antibodies. They
constructed Fab phage immune libraries derived from the
bone marrow B-cells of an HIV-infected non-progressor
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Phage display as a tool for identifying
HIV-1 broadly neutralizing antibodies
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Fig. 2. Sites of HIV-1 vulnerability to bnAbs.

a - schematic representation of HIV-1 envelope glycoprotein (Env). Left — HIV-1 virion structure, right — mature HIV-1 envelope (Env) pro-
tein anchored to the viral membrane. Env is a trimer of heterodimers composed of gp41 (transmembrane subunit) and gp120 (surface
subunit) molecules; b - conformational changes of HIV-1 Env trimers occurring during infection of host cell. Known HIV-1 sites of vulner-
abilities to broadly neutralizing antibodies are indicated: gp120 binding site (CD4bs); V1/V2 glycan apex, loops V3 glycan loop of gp120
(V1/V2, V3); CD4-induced CCR5/CXCR4 binding site which is exposed following CD4 binding (CD4i); gp120/gp41 interface; membrane-
proximal external region of gp41 (MPER); gp41 N-terminal fusion peptide, which anchors to the host cell membrane.

who had high titers of HIV-1-specific broadly neutralizing
antibodies.

In order to identify clones that bind to the conserved anti-
genic determinants of the virus, biopanning was performed
using two antigens. The first round of selection was carried
out against sCD4 in complex with recombinant gp140g9 ¢ —
a truncation form of gp160 Env of HIV-1 §9.6 strain with
removed transmembrane and cytoplasmic domains. In the
second round, library was panned against HIV-1 I1IB gp140
and sCD4 complex. Subsequent selection rounds were carried
out against gp140g ¢ and gp14011IB molecules, respectively,
with a gradual decrease in antigen concentration at each
round. The binding affinity of the selected clones was evalu-
ated by ELISA using single gp140yg9 ¢/gp140111B molecules
or in complex with sCD4.

The selected m18 clone showed the highest binding affinity
to all of the antigens and was capable of neutralizing 11 out
of 15 pseudoviruses bearing HIV-1 Envs from different
strains (Zhang et al., 2003). A year later, the selected clones
were re-screened by ELISA using the additional JR-FLgp120
antigen, resulting in selection of m14 Fab clone with en-
hanced affinity and neutralization breadth compared to m18
(Zhang et al., 2004a). Next, these clones were tested for neu-
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tralization activity against extended panel of 30 HIV isolates.
It was shown that m14 and m18 were able to neutralize about
21-23 % and 13-21 % of a panel, respectively, thereby de-
monstrating lower neutralization breadth compared to bnAb
IgG1bl2 (Zhang et al., 2012).

Using a similar approach, the same research group screened
a Fab phage library derived from B-cells of R2 donor with
high titers of cross-neutralizing antibodies. Two of the identi-
fied clones, m22 and m24, were expressed as Fab fragments
of CD4bs-specific antibodies, which demonstrated neutrali-
zation potency and breadth similar to m14 and m18 (Zhang
et al., 2006).

bNADbs specific to CCR5/CXCR4

coreceptor-binding sites of gp120

M. Moulard et al. screened a Fab antibody phage library
(IgG1lxk) derived from an HIV-infected individual against the
gp120-CD4-CCRS complex (Moulard et al., 2002). After five
rounds of affinity selection, a Fab clone X5 with a unique
CDR3 heavy-chain was selected. It was shown that the
binding affinity of X5 to the CD4-gp120/CD4-gp140 com-
plexes was significantly higher than that to the single gp120
and gp140 molecules, respectively. Addition of denatured
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CCRS5 to the CD4-gp120 complex increased the X5 affinity,
indicating that its epitope is formed by a CD4-dependent
conformational change of gp120. X5 partially competed for
binding to gp120 with other CD4i-specific antibodies, and
with CD4bs-recognizing bnAb IgG1b12. Furthermore, X5
Fab neutralized 11 out of 12 primary HIV-1 isolates, thus
demonstrating affinity, breadth, and potency comparable to
the full-length IgG1b12 (Moulard et al., 2002).

However, the hypothesis that the full-length bivalent va-
riant of IgG X5 would have even greater neutralizing activity
was not confirmed. Apparently, the availability of the epitope
recognized by X5 is limited by steric hindrance, which may
cause the lack of binding efficacy of the larger molecules
(Labrijn et al., 2003; Choudhry et al., 2006). It was thus
concluded that the single-chain fragment of this X5 antibody
possesses the highest activity and neutralization breadth,
compared to its Fab and IgG variants (Choudhry et al., 2006).

Later, non-specific mutagenesis of the X5 scFv-encoding
sequences was carried out, the resulting “mutant” phage sub-
library was screened against the oligomeric form of gp140yg9 ¢
(which was non-homologous to gp120JR-FL) in complex
with sCD4. Two scFvs, m6 and m9, capable of neutralizing
96 and 100 % of primary isolates from a panel comprising
33 different strains, were identified. Moreover, X5 neutra-
lized only 45 % of the isolates from this panel (Zhang et al.,
2004b). Neutralization assay performed using another panel
of 30 HIV-1 different strains revealed that m9 neutralized
76 % of the primary isolates (Zhang et al., 2012).

bNabs specific to the MPER region

of the gp41 glycoprotein

Another site of vulnerability of HIV-1, the membrane-pro-
ximal outer region of the gp41 glycoprotein (MPER), which
is located between the transmembrane region and the gp41
C-terminal o-helical fragment, became another target of
HIV bnAbs. Since MPER plays a crucial role in the process
of viral fusion to the target cell, it is highly conservative
and thus considered as one of the most promising targets
for the development of antiviral drugs (Burton, Hangartner,
2016). The study performed by M. Zwick and his colleagues
(2001) should be mentioned as one of the first attempts to
search for MPER-specific bnAbs using phage display. They
developed an immune Fab phage library based on cDNA of
VH/VL genes isolated from the B cells of the bone marrow
of an HIV-1 non-progressor who had a high titer of broadly
neutralizing antibodies.

Two biopanning strategies were applied: in the first case,
the HIV-1MN gp41 peptide MN 2031 comprising the MPER
sequence was used as an antigen. In the second, the selec-
tion was carried out against a whole HIV-1MN virion. After
the panning, several MPER-specific clones were identified,
including Fab Z13 clone which had the highest affinity and
neutralization breadth. Next, the authors created a “mutant”
phage library displaying Fab Z13 with random mutations in
the LCDR3 and screened it against the gp41 glycoprotein,
in order to identify the Z13 clones with enhanced affinity.
Among the selected phages, clone exposing Fab Z13e1 bound
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to gp41 MPER with the highest affinity. Subsequently, a
full-length Z13el IgG molecule was obtained, which pro-
vided a more-than-100-fold enhanced affinity for binding
to MPER, and a significant increase in HIV-1-neutralizing
activity compared to the initial [gG Z13 variant. The amount
of neutralized isolates increased from 35 to 50 % (Zwick et
al., 2001; Nelson et al., 2007).

bNabs recognizing the gp120-gp41 interface

Phage display was also used for identification of bnAbs that
bind to the N-terminal domain of gp41, the so-called fusion
peptide (see Fig. 2). Antibodies are able to bind to gp41 after
conformational changes occurring during the last stages of
HIV cell entry.

Such anti-gp41 antibodies were first described by M. Mil-
ler’s research group (Miller et al., 2005). They used B-cells
from the bone marrow of an HIV-negative patient for naive
scFv phage library construction and subsequent identification
of human monoclonal antibodies specific to the gp41 N-ter-
minal region (NHR). The library was subsequently panned
against the polymer that mimics gp41 6HB peptide complex,
and then against the [ZN36 peptide mimetic of the N-termi-
nal heptad repeats (NHR). As a result, both antigen-binding
phage clones were selected and used for reconstruction of
corresponding soluble scFvs and full-length IgGs. Virus
neutralization assay led to the detection of H/I1-BMV-D5
antibody capable of neutralizing 9 of 19 tested HIV-1 isolates
(Miller et al., 2005).

Searching for bnAbs using phage display of single domain
antibody fragments
In addition to the “classical” scFv/Fab phage display, phage
libraries based on camelid single domain antibodies (nano-
bodies) were used to search for HIV bnAbs (see Fig. 1).
Compared to IgG, nanobodies are more stable and have a
smaller size, which can be beneficial for binding to sterically
restricted antigenic determinants. Besides, the absence of
light chains in the VHH structure facilitates gene manipula-
tions and cloning procedures during library construction.

One of the first immune VHH phage libraries was obtained
from llamas immunized with trimeric form of HIV-1 gp140
derived from a clade C (CN54). Total RNA of lymphocytes
was isolated and used for cDNA synthesis; the repertoire
of VHH genes was amplified and cloned into a phagemid
vector, obtaining a library of phages displaying HIV-specific
VHHs as pllI fusion proteins. Biopanning of the library led
to the isolation of VHH A12, C8 and D7 that were able to
neutralize 24 and 26 of 65 HIV-1 Env-pseudotyped virions
from tier 1, 2, and 3 of various isolates (Forsman et al., 2008).
Similarly, a phagemid immune library based on a VHH from
llama immunized with clades A and B/C HIV-1 gp140 was
obtained. After the biopanning, J3 and 3E3 clones were
identified, which bound specifically to CD4bs and were able
to neutralize 96 and 95 % of the pseudovirus panel (Mccoy
et al., 2012, 2014; Strokappe et al., 2012).

Later, the same library was used for selection of VHH
clones that were specific to the other HIV-1 glycoproteins:
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1F10, which binds to the V3 loop of gp120; 1B5, which re-
cognizes the CCRS5 binding region, gp41-specific 2H10 and
2E7 clones. These nanobodies were capable of neutralizing
from 45 to 80 % of Env pseudoviruses from the panels used
(Lutje Hulsik et al., 2013; Strokappe et al., 2019). Bivalent
nanobodies carrying VHHs with the highest neutralizing
activity were also designed. The neutralization potency of
these bispecific nanobodies increased approximately 1400-
fold compared to the mixture of the individual VHHs; the
highest efficiency of the nanobodies was observed against
clade C HIV-1 viral strains (Lutje Hulsik et al., 2013; Stro-
kappe et al., 2019).

K. Koch and colleagues (2017) separately prepared a phage
immune library of HIV-specific VHHs using lymphocytes
of camel immunized with soluble stabilized HIV-1 clade C
gp140 Env trimer (SOSIP gp140). After affinity selection
of the library, several CD4bs-specific nanobodies were
identified, the best of which (VHH-9, VHH-28, VHH-A6)
were capable of neutralizing 53, 65, and 77 % of a 21-isolate
HIV-1 Env pseudovirus panel.

The authors of the above-mentioned studies emphasize
that display of nanobody immune libraries via phage display
is a convenient and effective alternative to the “traditional”
scFv/Fab libraries for searching for high-affinity HIV-1
broadly-neutralizing antibodies. Small size and chemical
stability of VHH facilitate various genetic manipulations
directed to obtain clones with improved characteristics, such
as site-targeted mutagenesis or creation of humanized and
multivalent nanobodies specific to different regions of viral
antigens. Finally, VHH phage libraries may be considered
as a cheaper-to-manufacture alternative to full-sized human
MADs for HIV treatment (Weiss, Verrips, 2019).

Conclusion

Phage display technology played an essential role as a tool for
searching, studying and epitope mapping of HIV-neutralizing
antibodies. Phage display yielded the first HIV-1 bnAb,
thereby leading to the extensive development of this research
area. Soon, broadly neutralizing antibodies became a major
focus of HIV vaccine design. Current methods for isolating
HIV-specific bnAbs include the sorting of antigen-specific
B cells with one memory on virus-like particles or variable
loop removed recombinant viral proteins (Wu et al., 2010).
These techniques, along with high-throughput screening
of selected antibody clones (Walker et al., 2009), allowed
the identification of second-generation HIV-1 bnAbs with
markedly increased potency and breadth. The discovery of
such antibodies capable of neutralizing more than 90 % of
viral isolates has reinvigorated interest in the use of bnAbs
in HIV-1 therapy.

Since 2010, more than 30 clinical trials of broadly neu-
tralizing antibodies have been registered (Mahomed et al.,
2021). Among them, 12 studies successfully passed Phase I,
demonstrating safety of bnAbs and their combinations; four
Phase II bnAb trials are currently underway, first data are
expected to be made publicly available in 2021 (Julg, Ba-
rouch, 2019; Karuna, Corey, 2020; Mahomed et al., 2020;
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Stephenson et al., 2020). Lastly, relying on the progress
achieved in generating recombinant viral antigens (Jardine
et al., 2013; Medina-Ramirez et al., 2017; Stamatatos et al.,
2017; Duan et al., 2018), together with a vast amount of data
accumulated on broadly neutralizing antibodies (Mascola,
Haynes, 2013; Mouquet, Nussenzweig, 2013), novel strate-
gies for design of HIV vaccines aimed for induction of 2nd
generation bnAbs have been proposed (Del Moral-Sanchez,
Sliepen, 2019).

Hence, bNADbs represent a promising novel approach for
effective HIV-1 immunotherapy and prevention. Thus, today
bnAbs are one of the most important objects in the study of
HIV infection. It is likely that in the foreseeable future they
will become a worthy alternative to existing antiretroviral
therapy, and in the longer term, one can expect the emergence
of preventive vaccines that induce their production.
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Abstract. Oligodendrocytes are one type of glial cells responsible for myelination and providing trophic support
for axons in the central nervous system of vertebrates. Thanks to myelin, the speed of electrical-signal conduction
increases several hundred-fold because myelin serves as a kind of electrical insulator of nerve fibers and allows
for quick saltatory conduction of action potentials through Ranvier nodes, which are devoid of myelin. Given that
different parts of the central nervous system are myelinated at different stages of development and most regions
contain both myelinated and unmyelinated axons, it is obvious that very precise mechanisms must exist to con-
trol the myelination of individual axons. As they go through the stages of specification and differentiation — from
multipotent neuronal cells in the ventricular zone of the neural tube to mature myelinating oligodendrocytes as
well as during migration along blood vessels to their destination - cells undergo dramatic changes in the pattern
of gene expression. These changes require precisely spatially and temporally coordinated interactions of various
transcription factors and epigenetic events that determine the regulatory landscape of chromatin. Chromatin re-
modeling substantially affects transcriptional activity of genes. The main component of chromatin is the nucleo-
some, which, in addition to the structural function, performs a regulatory one and serves as a general repressor
of genes. Changes in the type, position, and local density of nucleosomes require the action of specialized ATP-
dependent chromatin-remodeling complexes, which use the energy of ATP hydrolysis for their activity. Mutations
in the genes encoding proteins of the remodeling complexes are often accompanied by serious disorders at early
stages of embryogenesis and are frequently identified in various cancers. According to the domain arrangement
of the ATP-hydrolyzing subunit, most of the identified ATP-dependent chromatin-remodeling complexes are clas-
sified into four subfamilies: SWI/SNF, CHD, INO80/SWR, and ISWI. In this review, we discuss the roles of these sub-
units of the different subfamilies at different stages of oligodendrogenesis.
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AHHoTayuA. ONMroaeHAPOUNTbl — 3TO OAWH W3 TUMOB FMaNIbHbIX KNETOK, OTBETCTBEHHbIX 38 MUENHU3ALMIO 1
obecneyrBaoLWmx TPOGUUECKYIO NOAAEPKKY aKCOHOB B LIEHTPaNnbHOM HEPBHON CCTeMe MO3BOHOYHbIX. bnaro-
fapAa MUeNVHY CKOPOCTb MPOBeJEeHNA 1eKTPUYECKOro CUrHasla yBeNnUMBaeTCA B COTHM Pas, Tak Kak OH CITy»KWT
CBOEro popa 3/1eKTPOV30MIATOPOM HEPBHbIX BOJIOKOH 1 MO3BOMAET OCYLIEeCTBAATb CKaukoobpa3sHyto nepefayy no-
TeHUMana AencTBrA Yepes NnLleHHble M1enuHa nepexsaTtbl PaHBbe. [ockonbKy pasHble yact LLHC myuennHusmpy-
IOTCA Ha Pa3INYHbIX CTagnAX pa3BuTnA N 6ONbLUNHCTBO PEernoHOB COAEPXKUT Kak MNENTMHU3NPOBaHHbIE, TakK N He-
MUENVHMU3NPOBAHHbIE aKCOHbI, O4EBMAHO, YTO JOSIKHbI CYLLLIECTBOBATb OYEeHb TOUYHblE MeXaHU3Mbl ANA KOHTPONA
MUENHM3aL1M OTAENbHbIX aKCOHOB. [1pn NpoxoxaeHn yepes cTagum cneyudukaymm n anddepeHLNpPoBKy — oT
MYNbTUMOTEHTHbBIX HENPOHANbHBIX KNETKOK BEHTPUKYIAPHON 30HbI HEPBHOW TPY6KHM 10 3penbiX MUENVHU3NPYIo-
LVIX ONUFOAEHAPOLNTOB, a TakKe BO BPeMA MUrpaLin BAOJIb KPOBEHOCHbIX COCYA0B K MYHKTY Ha3HaueHWs, KneT-
KW NpeTepreBatoT KapArHanbHble U3MEHEHVA B MAaTTepHe SKCMPeCcCu reHoB. DTV M3MeHeHWA TpebyoT TLaTeIbHO
CKOOPAMHUPOBAHHOIO B MPOCTPAHCTBE M BPEeMeHU B3aVMOAENCTBUA Pa3fINUHbIX TPAHCKPUMLMUOHHBIX GpaKTo-
poB (T®) 1 snmreHeTNYECKIX COOLITUI, ONpefenaAoLMX PerynaTopHbIi NaHawadT xpomaTtuHa. PemogenvposaHue
XpOMaTUHa CYLeCTBEHHO B/IMAET Ha TPaHCKPUMLMOHHYIO akTUBHOCTb reHoB. OCHOBHOW KOMMOHEHT XpomaTu-
Ha — 3TO HyK/Ie0COMa, KOTopas, MOMUMO CTPYKTYPHOM, BbIMOJHAET PEryATOPHYI0 GYHKLMIO U CIY>KNT 06LMM pe-
NpPeccopom reHoB. /1A U3MeHeHVA TUNa, NONOXKEHNA 1 JIOKaNbHOM NAOTHOCTY HYK/IEOCOM Heo6X0AMMO AelCTBME
cneunanvsnpoBaHHbix ATD-3aBUCMMbIX KOMMIEKCOB PEMOAENMPOBAHNA XPOMaTIHA, KOTOpble NCMOMb3YyIoT ANA
cBOoel paboTbl SHepruto rugponmsa ATO. MyTaumm B reHax, KOAUPYOLWMX 6eNKN KOMNIEKCOB PEMOAENNPOBaHMS,
4acTo COMPOBOX/AIOTCA CEPbE3HbIMN HAPYLIEHNAMU Ha PaHHUX CTagUAX SMOPrOreHesa 1 C BbICOKOW YacTOTON
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NAEHTUOULMPYIOTCA NPY Pas3fIMYHbIX PaKoBbIX 3aboneBaHnAX. bonbWNHCTBO naeHTOULMPOBaHHbIX ATD-3aBu-
CYMbIX KOMMNEKCOB PEMOAENMPOBaHNA XPOMaTUHA KnaccupuumpyeTca Ha yeTbipe noacemenctea: SWI/SNF, CHD,
INO80/SWR 1 ISWI, cornacHo fjomeHHol opraHusauum nx ATO-ruaponusyoLein cybbeamnHuubl. B HacTosAwwem 06-
30pe Mbl NoAPOHBHO OCTAHOBMMCA HA POJIN 3TUX CyObeANHNL Pa3HbIX MOACEMECTB Ha Pa3fMyHbIX dTanax ofinuro-

[eHaporeHesa.

KnioueBble crioBa: onunrogeHapounT; MUENTMHN3aUNA; SNTUreHNTUYeCKaa perynayna; Skcnpeccna reHos.

Introduction

Until recently, in the research on the workings of the brain, the
central role in the functioning of the central nervous system
has been assigned to neurons, and various pathological condi-
tions have been regarded as a result of impaired functioning
of neurons. Glial cells have been assigned the function of a
filler for the space among neurons, as reflected in the name:
glia is translated as “glue”. Nonetheless, at present, there is
no doubt about their necessity for the maintenance of axonal
functions, for synaptic plasticity, and for the formation of
neural networks.

Oligodendrocytes (OLs) are a type of glial cells responsible
for myelination of axons in the central nervous system of
vertebrates. As a result of an extremely specialized process
of intercellular interaction, each OL forms several processes,
each of which repeatedly wraps a part of an axon like in-
sulating tape. One OL can simultaneously myelinate up to
50 axonal segments (Nave, Werner, 2014). The cytoplasm is
almost absent in these processes, and, accordingly, the myelin
sheath is actually many layers of the cell membrane with di-
electric properties; this arrangement prevents the scattering
of an electrical signal traveling along the axon. In addition,
between the layered wrappings (sheaths) of myelin, there are
~1 micron-wide gaps, called Ranvier nodes, which enable
saltatory transmission of a nerve impulse.

Thus, due to the myelin sheath, the speed of the electri-
cal signal along the axon increases manyfold. It has been
shown that the most active axons in the brain receive heavier
myelin insulation, which allows them to work even more
efficiently. It should be noted that myelination of the central
nervous system proceeds over a long period and is the final
stage in the development of the nervous system. According
to magnetic resonance imaging data from humans, the bulk
of myelination of most brain structures occurs in adolescence
and reaches 90 % by the age of 20-25, whereas the late-
maturing prefrontal cortex is the last to be myelinated (Lebel
et al., 2008). In mice, most of myelination takes place in the
first 4-7 weeks after birth. It is worth mentioning that myelin
formation continues throughout the lifespan in the form of
either remyelination of damaged nerve fibers or myelination
of previously unmyelinated ones (Zhu et al., 2011; Bartzokis
etal., 2012; Young et al., 2013).

Given that different parts of the central nervous system are
myelinated at different stages of development and most of
central nervous system regions contain both myelinated and
unmyelinated axons, it is clear that very precise mechanisms
must exist to control the myelination of individual axons. In
addition, it is becoming increasingly obvious that there is some
level of plasticity (remodeling) based on life experience in the
myelination process (Mitew et al., 2014).
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Specification, migration, and differentiation of OLs
Oligodendrocytes come into being as a result of gradual dif-
ferentiation of oligodendrocyte precursor cells (OPCs) that
arise during specification of multipotent neuronal progenitor
cells located in the ventral zone of the neural tube. In the
specification of OPCs, one of the key factors that determines
this localization is the sonic hedgehog (SHH) protein secreted
by the cells of the notochord and floor plate. The dorsal-ventral
SHH concentration gradient promotes the formation of OPCs
mainly from the ventral neuroepithelium by inducing the
expression of a number of transcription factors (NKX2.2,
PAX6, SOX10, OLIG1, and OLIG2). Oligodendrocyte precur-
sor cells are characterized by the expression of proteoglycan
NG2 and platelet growth factor receptor alpha (PDGFRa).
In the absence of SHH in the anterior or spinal cord, OPCs
of ventral origin do not form (Orentas, Miller, 1996; Pringle
et al., 1996; Tekki-Kessaris et al., 2001). After specification,
OPCs proliferate and migrate along blood vessels, ensuring an
even distribution of white matter in the central nervous system
(Dejana, Betsholtz, 2016; Tsai et al., 2016). After the migration
of OPCs, some of them remain in the precursor state, while
others — through the stage of premyelinating OLs — differen-
tiate within at least 2-3 days into mature myelinating cells,
which interact with axons and give rise to myelin internodes
(Zhu et al., 2011; Mitew et al., 2014).

To avoid a shortage of OLs during axon myelination, an
excess of these cells is generated, and unnecessary cells are
subsequently eliminated by apoptosis. One of the mechanisms
that determine the final OL number is competition for a li-
mited amount of specific growth and survival factors, such
as platelet growth factor (PDGF)-A, fibroblast growth factor
(FGF)-2, insulinlike growth factor (IGF)-1, neurotrophin
(NT)-3, and ciliary neurotrophic factor (CNTF) (Barres, Raff,
1994; Miller, 2002).

As expected, the differentiation into OLs should be con-
sistent with a neuronal development program, and there are
neuronal signals that control the conversion of OPCs into
myelin-forming OLs. For instance, in the peripheral nervous
system, on the axonal membrane, there is a protein called
neuregulin 1, which controls myelination by Schwann cells;
however, a similar regulatory protein triggering the myelina-
tion by OLs in the central nervous system has not yet been
identified. Moreover, there is evidence that there are inhibi-
tory neuronal signals that keep OPCs in a “suppressed” state
(Emery, 2010). These inhibitory signals (for example, Jagged,
PSA-NCAM, and LINGO-1) coming from axons in turn
activate various regulators of transcription, such as SOX5/6,
HESD5, and ID2/4, which actively prevent OPCs from enter-
ing the stage of terminal differentiation (Piaton et al., 2010;
Taveggia et al., 2010).
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More and more data indicate that different areas of the
central nervous system correspond to different OPC popula-
tions that are controlled by some local signaling mechanisms.
Thus, in different areas of the brain and spinal cord, OPCs
are under the influence of different signaling molecules. In
particular, dissimilarities in the temporal expression of these
factors and signals in a developing central nervous system
ensure that myelination begins earlier in the spinal cord and
later in cortical regions.

When going through the stages of specification, migra-
tion, proliferation, and differentiation, OLs undergo dramatic
changes in the pattern of gene expression, which require a
precisely (temporally and spatially) coordinated interaction
of various transcription factors and epigenetic events that
determine the regulatory landscape of chromatin (Copray
et al., 2009). Chromatin remodeling considerably affects
transcriptional activity of genes and occurs mainly due to
nucleosome repositioning (under the action of ATP-dependent
chromatin-remodeling complexes), chemical modifications of
histones, DNA methylation, and interactions with noncoding
RNAs ( Gregath, Lu, 2018; Koreman et al., 2018).

In the present review, we will examine in detail the func-
tions of ATP-dependent chromatin-remodeling complexes at
various stages of oligodendrogenesis.

ATP-dependent chromatin-remodeling complexes
The regulation of gene expression is possible for the most part
due to changes in the structure of chromatin: its remodeling.
The main component of chromatin is the nucleosome, which
consists of eight protein subunits (histones), wrapped by a
146 bp DNA region for each nucleosome. In addition to the
structural function (there is growing evidence that it is less
important), the nucleosome performs a regulatory function
and serves as a general repressor of genes. It interferes with
virtually all DNA-related processes, including transcription,
replication, and DNA repair (Kornberg, Lorch, 2020). Changes
in the type, position, and local density of hucleosomes require
the action of specialized ATP-dependent chromatin-remo-
deling complexes (so-called remodelers), which use the energy
of ATP hydrolysis for their functioning.

All ATP-dependent chromatin-remodeling complexes
contain an ATP-hydrolyzing subunit belonging to the SNF2
DNA helicase/translocase family and one or more subunits
that are bound to it (Hota, Bruneau, 2016). It should be noted
that these ATPases lack helicase activity for strand unwind-
ing and therefore act only as DNA translocases (Diirr et al.,
2005) that move DNA along the surface of the nucleosome
and disrupt DNA-histone interactions. ATPases of all chro-
matin remodelers contain a highly conserved core ATPase
domain, which is sufficient for the catalytic activity of the
complex; however, ATPase activity regulation is carried out
by the domains flanking the ATPase domain and/or by pro-
teins physically associated with it (Clapier et al., 2017). It
must be pointed out that tissue specificity of the subunits of
a chromatin-remodeling complex gives it unique properties,
which determine its landing on tissue-specific regulatory loci
of the genome (Hota, Bruneau, 2016).

According to sequence homology of the central ATP-hyd-
rolyzing subunit, most of the ATP-dependent chromatin-
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remodeling complexes identified so far are classified into
four subfamilies: SWI/SNF (switch/sucrose nonfermentable),
CHD (chromodomain helicase DNA-binding), INO80/SWR
(Inositol-requiring 80/SWi2/snf2-related 1), and ISWI subfa-
mily (imitation switch). Aside from differences in the number
of subunits in the complex, these subfamilies are distinguished
by exclusive domains adjacent to the core ATPase region.
For instance, SWI/SNF is characterized by the presence of a
bromodomain, CHD - by tandem chromodomains, ISWI re-
modelers contain HSS helicase domains, and INO80/SWR
members have an HSA domain (SANT helicase) (Bartholo-
mew, 2014; Clapier et al., 2017).

The structural differences between the subfamilies de-
termine their functionality. For example, members of the
SWI/SNF subfamily are mainly responsible for the removal
and repositioning of nucleosomes, thereby providing access to
DNA for transcription factors (in order to regulate the level of
gene expression) and for DNA repair and recombination fac-
tors. The assembly and positioning of nucleosomes is mainly
conducted by remodelers of subfamilies ISWI and CHD. The
editing of nucleosomes, namely the replacement of canoni-
cal histones with specialized types and vice versa, is carried
out mainly by members of the INO80 subfamily. Changing
the composition of nucleosomes allows for the creation of
specialized regions of chromatin in a replication-independent
manner (Venkatesh, Workman, 2015; Clapier et al., 2017). For
example, histone H2A.Z is a part of the nucleosomes located
in promoter regions of most genes; the proximity of such a
nucleosome to a transcription start site directly correlates
with the expression level of the gene in question (Bargaje et
al., 2012), H2A . X is required for the repair of double-strand
breaks (Elsesser et al., 2019).

Mutations in the genes encoding subunits of ATP-depen-
dent chromatin-remodeling complexes are often accompanied
by severe abnormalities in the early stages of embryogenesis
and are frequently identified in various cancers (Ho, Crabtree,
2010; Wilson, Roberts, 2011).

Remodelers’ actions during oligodendrogenesis

Subfamily SWI/SNF

Mammalian members of SWI/SNF are large complexes of
~1.5 MDa and consist of at least 15 different subunits (Hota,
Bruneau, 2016). They are characterized by the presence of
enzyme Brm (encoded by the Brahma gene, also known as
Smarca?2) or Brgl (Brahma-related gene 1, aka Smarca4) as
core translocases. These remodelers are mainly involved in
the regulation of the cell cycle and differentiation of several
cell types (Matsumoto et al., 2016).

A comparative analysis of genome-wide chromatin im-
munoprecipitation-high-throughput sequencing (ChlIP-seq)
data on the localization of RNA polymerase RNAPII on the
genomic DNA of OLs at different stages of differentiation (rat
primary OPCs in culture, immature OLs, and mature OLs) has
revealed significant enrichment in genes coding for proteins
of the SWI/SNF remodeling complex during the transition
from OPCs to immature OLs (Yu et al., 2013). In particular,
in response to differentiation signals, a significant increase
in the RNAPII amount was registered on exons of the Brgl
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gene (encoding the core ATPase of the SWI/SNF complex)
but was not observed on the gene of its only homolog, Brm
(Yuetal., 2013).

During early embryonic development (embryonic day 12;
E12), Brgl transcripts are virtually undetectable in proliferat-
ing neuronal stem cells (NSCs) of the ventricular zone (VZ) in
the mouse forebrain, in contrast to the already differentiated
postmitotic cells of the mantle zone (Randazzo et al., 1994).
This pattern of Brgl expression changes after E13, in such a
way that most VVZ cells become Brgl-immunoreactive (Mat-
sumoto et al., 2006), in good agreement with the data on the
beginning of the first wave of OPC specification in mice on
E12.5 during this period (Cai et al., 2005). A Cre-mediated
knockout involving a conditional deletion of Brgl under the
control of nestin (an NSC marker) in mice leads to a decrease
(in the ventricular zone, E13.5) in the number of proliferat-
ing NSCs capable of subsequently undergoing gliogenesis.
It is assumed that this phenomenon can be mediated by stem
cell differentiation into postmitotic cells (neurons) and/or by
apoptosis. Those authors believe that Brgl keeps NSCs in an
undifferentiated state until they respond to some gliogenic
signals during development in mammals (Matsumoto et al.,
2006).

An increase in the transcription of Brgl has been noted
exclusively during the transition from precursors to imma-
ture OLs and is not observed during differentiation of other
cell types, suggesting that this is a unique event initiating
oligodendrocytic differentiation. Western blotting and im-
munohistochemical results also indicate that Brgl expression
is mainly limited to differentiating oligodendrocytic cells (Yu
et al., 2013). By contrast, in another study, according to im-
munohistochemical findings, Brgl expression was detectable
at all stages of OL development, and there was no obvious
difference in staining intensity between OPCs and maturing
OLs (Bischof et al., 2015).

In mice with a conditional knockout of Brgl (with Cre
under the control of Oligl, the expression of which starts with
the formation of OPCs), a myelination-deficient phenotype
manifests itself, although the number of OPCs and their pro-
liferation rate are comparable to those in control mice. Itturns
out that these mice feature increased expression levels of dif-
ferentiation inhibitors (ID2/4, Nfia/b, Sox5, and B-catenin) and
downregulation of genes associated with both the synthesis
of lipids and myelin sheath proteins and with differentiation
regulation (Gm98/MRF and Sox10) (Yu et al., 2013). In the
aforementioned work of M. Bischof and coworkers (2015), it
was also found that early deletion of Brgl (with Cre under the
control of Brn4 expressed in NSCs) throughout the ventricular
zone of the spinal cord also prevents Sox10 expression in
OLPs until the end of embryogenesis.

ChlIP-seq with antibodies to Brgl revealed an order of
magnitude more peaks in immature OLs than in OPCs, while
almost all the peaks in OPCs overlapped with the peaks of
immature OLs but had significantly lower intensity. Gene
analysis showed that Brgl target genes are mainly associ-
ated with myelination, oligodendrocytic differentiation, and
cell cycle arrest (e.g., Cnp, Cldn11, KIf9, and Zfp191). Those
authors hypothesized that Brgl mainly targets intergenic
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enhancer regions because ~80 % of peaks of Brgl binding in
immature OLs were located at a considerable distance from
a transcription start site (Yu et al., 2013).

Transcription factor Olig2 is thought to play an important
role in the regulation of Brgl functions in oligodendrogenesis.
It is reported that Olig2 not only regulates Brgl expression
but also recruits the SWI/SNF complex with the Brg1l ATPase
to OL-specific enhancers during the critical transition from
OPCs to immature OLs; as a consequence, directed chromatin
remodeling ensues, which is necessary for activation of the
oligodendrocytic differentiation program (Yu et al., 2013).

Moreover, it has been revealed that at early stages of deve-
lopment (E14.5), Brg1 within the SWI/SNF complex interacts
with the proximal promoter of the Olig2 gene in cortical
NSCs and suppresses its expression, whereas in cells of the
ventricular zone, where oligodendrocytic differentiation is
seen first, no suppressive effect of Brgl on Olig2 was found
(Matsumoto et al., 2016).

Therefore, all these data indicate that Brgl, which is a part
of'the SWI/SNF complex, is required for both OPC specifica-
tion and oligodendrocytic differentiation.

Subfamily CHD

ATPases of this subfamily of remodelers are represented
by nine proteins, CHD1-9, which differ in their domain
organization. The complexes formed by them can combine
1 to 10 subunits. Some of them shift or push nucleosomes to
facilitate transcription, whereas others play a repressive part
(Clapier, Cairns, 2009), and thus are important regulators of
cell differentiation (Martin, 2010). It has been demonstrated
that chromodomain ATPases Chd7 and ChdS8 are important
for the initiation of the processes of nerve-fiber myelination
as well as remyelination in the pathogenesis of some disorders
(He et al., 2016; Doi et al., 2017; Marie et al., 2018).

Chd7 expression is present in most of oligodendrocytic cells
in a number of structures within a developing brain (postnatal
day 14, PND14) and in the spinal cord. A substantial propor-
tion of these cells are differentiated OLs with Chd7 over-
expression, whereas in OPCs, Chd7 expression is reported to
be lower (He et al., 2016). A conditional knockout of the Chd7
gene using the Olig1-Cre construct reduces the number of OLs
expressing MBP both at embryonic and early postnatal stages
of development and decreases the expression of basic myelin
proteins Mbp and Plp1 at the mRNA level. As a result, in the
mutant animals, there is a decrease of white-matter volume
in the brain and impaired myelination of nerve fibers (a lower
g-ratio) in comparison with control animals (PND14). In the
cerebral cortex, the Chd7 deletion also leads to a decrease
in the number of mature OLs at the early postnatal stages of
development but does not have a significant impact on the
number of OPCs and their proliferation. Nevertheless, with
age, mutant mice showed a gradually rising number of mature
OLs, and by PND60, the degree of myelination in the spinal
cord approached normal. Accordingly, Chd7 is necessary for
the initiation of oligodendrocytic differentiation, and Chd7 loss
causes a noticeable delay in the myelination of nerve fibers.
A comparative analysis of gene expression profiles in the spi-
nal cord between control mice and mice with the conditional
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Chd7 knockout (PND8) confirmed the importance of Chd7 for
the regulation of genes responsible for the differentiation into
OLs and for myelination; furthermore, in most cases (~84 %),
it functions as a transcriptional activator (He et al., 2016).

Normally, in adult mice, Chd7 expression in the white
matter of the spinal cord is practically undetectable; however,
lysolecithin-induced demyelination causes local re-expression
of Chd7 against the background of myelin regeneration via
OPC recruitment. In the case of a Chd7 deletion in the affected
tissue area, there was a significant reduction not only in the OL
number but also in the expression levels of Mbp and Plp1 as
compared to the control, and morphometric characteristics of
myelinated fibers deteriorated. For these reasons, those authors
believe that Chd7 is crucial for remyelination in case of white-
matter damage (He et al., 2016). Chd7 has been reported to
be a key regulator of OPC activation and proliferation after
spinal cord injury (Doi et al., 2017).

In the expression regulation of the Chd7 gene itself, an im-
portant role is played by the Brgl remodeler, the conditional
knockout of which significantly suppresses Chd7 expression
in mutant mice. Furthermore, within the Chd7 gene, multiple
sites of cooperative binding of factors Brgl and Olig2 have
been identified, and these sites are functionally significant at
the stage of OPCs and immature OLs (He et al., 2016).

A genome-wide search for Chd7-binding sites by ChIP-seq
in differentiating OLs has shown that they are predominantly
located in the region +5 kbp relative to a transcription start
site of target genes and also serve as binding sites for tran-
scription factor Olig2, which is known to regulate enhancers
that are functionally important for oligodendrogenesis, in
particular, by recruiting Brgl to them (Yu et al., 2013; He et
al., 2016).

A comparative analysis of distributions of ChIP-seq peaks
for the remodelers Chd7 and Brgl revealed that the peaks
do not overlap in ~76 % of cases, and therefore Chd7 has
unique molecular functions that control OL maturation (He
etal., 2016).

CHD7 mutations cause human CHARGE syndrome, which
is characterized by multiple pathologies including craniofacial
anomalies, neurological dysfunction, and growth retardation.
Most CHARGE patients show some degree of intellectual
disability, and many have structural aberrations of the corpus
callosum and cerebellar vermis (Martin, 2010).

Subfamily INO80/SWR
The remodeling complexes belonging to this subfamily can
contain more than 10 subunits and perform a variety of func-
tions, including facilitation of transcription activation and
DNA repair (Clapier, Cairns, 2009). In one study (Elsesser et
al., 2019), it was demonstrated that a member of this family,
chromatin-remodeling complex TIP60/EP400, is an important
component of the oligodendrocytic differentiation program.
It turned out that a Cre-mediated knockout of Ep400 (core
ATPase) at various oligodendrogenesis stages in transgenic
mice does change the OPC number but is the reason for a sharp
drop in the number of OLs that started terminal differentiation
and initiated myelin gene expression.

Analysis of gene expression in the OLs from mice with the
Ep400 knockout confirmed downregulation of not only termi-
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nal differentiation and myelination genes, such as Plp1, Mbp,
Mog, and Nfasc, but also key components of the transcriptional
network, e.g., Sox10, Nkx2.2, Olig2, Oligl, Myrf, and Fyn, the
products of which regulate the processes of oligodendrocytic
differentiation and myelination. In particular, in immature
OLs, EP400 specifically binds to the promoter and enhancer
ECRY in the first intron of the Myrf gene and i) catalyzes the
replacement of histone H2A by the specialized H2A.Z his-
tone in many nucleosomes as well as ii) recruits the Sox10
transcription factor, with which EP400 physically interacts to
activate Myrf expression during oligodendrocytic differentia-
tion. After the differentiation, EP400 induces changes in the
pattern of H2A.Z localization on the promoter.

Additionally, in cultured primary OLs, it was found that
the absence of EP400 impairs repair processes, as evidenced
by an increase in the amount of histone YH2A.X, which is a
marker of a double-stranded DNA break and emerges as a
result of phosphorylation of the specialized H2A.X histone.
Because such breaks are a signal for apoptosis, it is possible
to define EP400 as a factor that promotes OL survival and
protects DNA from damage or helps with its repair (Elsesser
et al., 2019). Given that upon completion of the differentia-
tion into OLs and at initial stages of myelination, there is an
increase in heterochromatinization and nuclear condensation
(Mori, Leblond, 1970), it can be theorized that such critical
changes in the structure of chromatin make it especially vul-
nerable during this period of oligodendrogenesis and require
more attention from a “surveillance” system (Elsesser et al.,
2019).

Thus, EP400 is not required for OPC specification or for
early development of clones in embryogenesis but is neces-
sary during terminal oligodendrocytic differentiation and the
active phase of myelination.

Conclusion

Each stage of oligodendrogenesis is accompanied by a change
in the expression of a large number of genes. The activation
of some genes and the repression of others are implemented
by precisely spatially and temporally coordinated interactions
of various transcription factors with the promoters and enhan-
cers of these genes. Such fine regulation is possible due to
the coordinated fine-tuned work of transcription factors and
ATP-dependent chromatin-remodeling complexes, which de-
termine the regulatory landscape of chromatin and contribute
to its epigenetic modifications (Copray et al., 2009). In addi-
tion to many common properties among all chromatin remo-
delers, they have distinct features that explain their functional
specialization in the cell (Hota, Bruneau, 2016), in particular,
at different stages of differentiation in oligodendrogenesis.
It has been shown that OP specification requires SWI/SNF
complexes, which keep NSCs in an undifferentiated state until
they respond to certain gliogenic signals. Besides, members
of this subfamily are curators of transcriptional activity of
genes at all stages of oligodendrocytic differentiation. By con-
trast, CHD7 is required for OPC proliferation, for the onset
of oligodendrocytic differentiation, and for the activation of
genes responsible for myelination and remyelination, whereas
EP400 is necessary only for terminal oligodendrocytic dif-
ferentiation and the active phase of myelination (Matsumoto
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et al., 2006, 2016; Yu et al., 2013; He et al., 2016; Doi et al.,
2017; Elsesser et al., 2019).

The roles of ISWI subfamily members in oligodendroge-
nesis have not yet been investigated; however, given their
functional feature — the assembly and positioning of nucleo-
somes (Hota, Bruneau, 2016; Clapier et al., 2017) — it is
possible that they are important for heterochromatinization
processes, which intensify with the gradual transition from
OPCs to mature myelinating OLs, and for nuclear condensa-
tion (Mori, Leblond, 1970).
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Abstract. Methods for prioritizing or ranking candidate genes according to their importance based on specific criteria
via the analysis of gene networks are widely used in biomedicine to search for genes associated with diseases and to
predict biomarkers, pharmacological targets and other clinically relevant molecules. These methods have also been
used in other fields, particularly in crop production. This is largely due to the development of technologies to solve
problems in marker-oriented and genomic selection, which requires knowledge of the molecular genetic mechanisms
underlying the formation of agriculturally valuable traits. A new direction for the study of molecular genetic mecha-
nisms is the prioritization of biological processes based on the analysis of associative gene networks. Associative gene
networks are heterogeneous networks whose vertices can depict both molecular genetic objects (genes, proteins, me-
tabolites, etc.) and the higher-level factors (biological processes, diseases, external environmental factors, etc.) related
to regulatory, physicochemical or associative interactions. Using a previously developed method, biological processes
involved in plant responses to increased cadmium content, saline stress and drought conditions were prioritized ac-
cording to their degree of connection with the gene networks in the SOLANUM TUBEROSUM knowledge base. The
prioritization results indicate that fundamental processes, such as gene expression, post-translational modifications,
protein degradation, programmed cell death, photosynthesis, signal transmission and stress response play important
roles in the common molecular genetic mechanisms for plant response to various adverse factors. On the other hand, a
group of processes related to the development of seeds (“seeding development”) was revealed to be drought specific,
while processes associated with ion transport (“ion transport”) were included in the list of responses specific to salt
stress and processes associated with the metabolism of lipids were found to be involved specifically in the response to
cadmium.
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associative gene networks; centrality of vertices; network-based prioritization methods.
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AHHoTauusA. MeToabl NPYOPUTM3aLMN UK PaHXMPOBaHMEe KaHAMAATHbIX FeHOB MO UX BaXKHOCTW B COOTBETCTBUM C 3a-
JaHHBIMUN KPUTEPUAMM, OCHOBAHHBIMY Ha aHanv3e reHHbIX CeTel, LIMPOKO NPUMEHAIOTCA B GrioMeavLHe Ans Noucka
accoumaumin reHoB ¢ 3aboneBaHVAMY, NPeAcKasaHna GroMapKepoB, GapMaKONOrMyecKkx MueHen u T.4. Mpu sTom
HabI0AaeTCA TEHAEHUMA UX NCMONb30BaHWA 1 B APYrX 061acTAX 3HAHWIA, B YaCTHOCTY B PAacTEeHMEBOACTBE. B 3Ha-
YNTESIbHON CTEeMeHu 3TO OBYC/IOBIEHO Pa3BUTMEM TEXHOMOMMI AMA peleHns 3aay MapKep-OpUEeHTUPOBAHHON U
reHOMHOW cenekuuy, Tpebylowwyx 3HaHUIA O MONEKYNAPHO-TEHETUYECKX MeXaHU3MaX, Nexaliux B ocHoBe dopmu-
POBaHUA X03ANCTBEHHO LieHHbIX NMPr3HakoB. HOBbIM HanpaBneHnem Ans U3yuyeHnsi MONEKYNAPHO-TeHETUYECKNX Me-
XaHV3MOB SIBNAETCA NPUOPUTM3aLMa BMONOrMUYeCcKUX NPOLECCoB C NMPYIMEHEHNEM aHanmn3a acCoLMATUBHbBIX FeHHbIX
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MpriopyTr3aLmMa GONOrMYECKNX MPOLIECCOB, OMMCHIBAOLLNX
OTBET PaCcTEHNI Ha HebnaronpurATHble GaKTOPbl BHELLHEN Cpeabl

ceTell. ACCOLMaTUBHAA reHHas CeTb — 3TO reTeporeHHas CeTb, B KauecTBe BepLUVH KOTOPOW Hapsay C MONEKyNspHO-
reHeTUYeCcKnMn obbeKkTamu (reHbl, 6enku, MeTabonunTbl 1 T.A.) MOryT ObITb NpefCTaBAeHbl CyLHOCTU 6onee BbICOKOro
ypoBHs (6ronoruuyeckme npoueccol, 3aboneBaHns, GakTopbl BHELLHe Cpeabl 1 T.[.), CBA3aHHble MeXay coboi pery-
NATOPHBLIMU, GUINKO-XUMUYECKUMMN UM aCCOLMATUBHBIMU B3aumomencTeuamu. C 1Crnonb3oBaHem pa3paboTaHHOro
HamMKn paHee MeTofa OCYLLeCTBIIEHa NPUOPUTH3aLNA BMONOMMUYECKMX MPOLIECCOB MO CTENEHN UX CBA3W C FTeHHbIMU Ce-
TAMUW, NpefcTaBeHHbIMY B 6a3e 3HaHnii SOLANUM TUBEROSUM v onucbiBatoWwyiMmy OTBET pacTeHWI Ha NOBbILEHHOE
cofep)kaHne KagMus, CONEBON CTPeCC 1 YCNIOBUS 3acyxu. PesynbTaTbl Nproput3aumny CBMAETENbCTBYIOT O TOM, YTO
dyHAaMeHTanbHble MPOLEeCChl, Takne Kak SKCMpeccus reHoB, NoCTTPaHCALMOHHas mogudrkaumsa, gerpagaumsa ben-
KOB, MPOrpaMmuripyemMas KeTouHas cMepTb, pOTOCUHTES, Nepefjaya CUrHaNoB, OTBET Ha CTPECC, UTPAIOT BaXKHYI0 POJIb B
06X MONEKYNAPHO-TEHETUYECKIX MEXaH/3MaX OTBETa pacTeHWiA Ha pa3nnyHble HebnaronpusaTHble dakTopbl. C Apy-
roli CTOPOHbI, Cpeau cneundryHbIX AN YCTONUYMBOCTM K 3acyxe Obina BblsiBfIEHa Fpynna NpoLeccoB, CBA3aHHbIX C pas-
BUTMEM ceMsH (seeding development). MpoLeccsl, cBA3aHHbIE C MIOHHBIM TPAHCMOPTOM (ion transport), BOLWW B CMUCOK
cneundUYHbIX ANs OTBETA Ha CONEBON CTPECC, a CBA3aHHble ¢ MeTabonusmom nunugos (phospholipid degradation -
nerpagauma pocoonmnugos) — ANA OTBETA HA KagMUA.

KnioueBble cnosa: 6a3a 3HaHuin SOLANUM TUBEROSUM; Gene Ontology; Arabidopsis thaliana; meTtogpbl text mining;
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accoumaTmBHble reHHble CeTU; LeHTPaNIbHOCTb BEPLUMNH; CETEBbIE METObl MPUOPUTU3ALNN.

Introduction

The rapid development of high-performance experimental
methods has significantly expanded the ability to generate
large sets of genomic, transcriptomic and proteomic data in
scientific research. This, in turn, has increased the relevance
of bioinformatics methods that allow researchers to interpret
omic data, both at the level of key genes and at the level of
molecular genetic mechanisms. Among the widely used ap-
proaches in computational analysis of gene sets identified in
experiments are prioritization methods (Raj, Sreeja, 2018),
which rank the studied genes (or other objects, such as di-
seases) by characterising their proximity to a set from a given
learning sample. Depending on the prioritization problem, the
training set may consist of genes associated with diseases or
phenotypic traits or sets of differentially expressed genes, for
example. The higher the proximity in relative units, the greater
the priority of the analysed object as a candidate possessing the
same properties as objects in the training set. Such methods
are used in biomedicine to detect candidate genes associated
with diseases (Tranchevent et al., 2016), disease biomarkers
(Jha et al., 2020), potential pharmacological targets (Cesur
et al., 2020) and drug republic (Pushpakom et al., 2019). In
animal husbandry and crop production, prioritization methods
have been applied to analyse genomic data related to marker-
oriented and genomic selection (Arruda et al., 2016; Crossa et
al., 2017; Kochetov et al., 2017; Kolchanov et al., 2017; Cai
et al., 2019; Voss-Fels et al., 2019; Sun et al., 2020), as well
as Raspanic loci analysis (Bargsten et al., 2014; Schaefer et
al., 2018; Lin et al., 2019).

A special place among the prioritization methods is occu-
pied by approaches based on the analysis of genetic network
graphs, including network protein interactions, metabolic
networks, signal transmission networks, and networks of
genes associated with disease. In such network prioritization
methods, the proximity of the studied genes to the training
sample is estimated using various topological characteristics
of the genetic network graph. Methods for analysing the
structure of genetic network graphs to solve prioritization
tasks can be divided into three large groups (Shim et al., 2017;
Raj, Sreeja, 2018): (1) methods based on identifying hubs
using centrality indicators of vertices in the column (Cho et

BUONHOOPMATUKA N CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY

al., 2016); (2) methods based on network diffusion, including
random wandering (Chen et al., 2011; Shim, Lee, 2015; Le,
Pham, 2017; Lysenko et al., 2017); and (3) methods based on
identifying functional modules (clusters or subnets) (Jia et
al.,2011; Leung et al., 2014). All of these methods are aimed
at identifying genes (or other entities) that are important for
the phenotype or process being studied. The importance of
information about the topology of networks in assessing the
functional significance of genes was demonstrated by the
example of the centrality of the vertices in a Saccharomyces
cerevisiae protein—protein interactions network (Jeong et al.,
2001). The authors showed that the deletion of vertices with
a large number of connections in the network of protein—
protein interactions was fatal more often than the deletion of
other vertices.

Among the frequently used characteristics to determine
the importance of the vertex in the network structure are
centrality indicators, including Degree Centrality, which is
the number of links this vertex has with other vertices in the
network (Freeman, 1978); centrality proximity to the centre of
the graph (Closeness Centrality), which is the reverse amount
of the sum of the lengths of all the shortest pathways passing
through the top (Sabidussi, 1966); and centrality (Between-
ness Centrality), which is the number of the shortest pathways
passing through the vertex (Freeman, 1977).

Previously, we proposed the concept of an associative gene
network (Ivanisenko V.A. et al., 2015), an extended gene net-
work whose vertices can represent not only molecular genetic
objects (genes, proteins, metabolites, etc.), but also higher-
level factors (biological processes, phenotypic traits, diseases,
factors of the external environment, etc.) related to regulatory,
physical, chemical or associative interactions (Ivanisenko V.A.
et al., 2015). Automatic analysis of texts of scientific publi-
cations and factual databases was used to create knowledge
bases: ANDSystem, which contains associative gene networks
for animals and humans (Ivanisenko V.A. et al., 2015, 2019;
Ivanisenko T.V. et al., 2020), and SOLANUM TUBEROSUM
(Saik et al., 2017; Ivanisenko T.V. et al., 2018), which contains
associative gene networks of plants. Analysis of associative
gene networks from the knowledge bases ANDSystem and
SOLANUM TUBEROSUM was used to develop methods for

581



P.S. Demenkov, E.A. Oshchepkova
T.V. lvanisenko, V.A. lvanisenko

prioritizing human genes associated with diseases (Saik et al.,
2018,2019) and the potato genes involved in breeding and the
development of agriculturally meaningful traits (Demenkov et
al., 2019), respectively. The prioritization method was based
on the assessment of the centrality indicator according to the
degree of vertices corresponding to genes in the analysed as-
sociative gene networks.

In this work, an approach is proposed to prioritize biologi-
cal processes by calculating the vertex centrality indicator in
the associative gene network. This work uses the example
of the model plant Arabidopsis thaliana and the information
about the biological processes associated with the response of
plants to the unfavourable factors cadmium content, drought
conditions and salt stress in the knowledge base SOLANUM
TUBEROSUM.

Materials and methods
SOLANUM TUBEROSUM (Saik et al., 2017; Ivanisenko T.V.
et al., 2018) consists of three main blocks.

The first (block 1) is an automatic analysis of texts of
scientific publications and factual databases that is designed
to extract information about the relationship between objects
using semantic—linguistic templates. To extract knowledge,
ANDSystem software tools configured to the subject area
under study are used (Ivanisenko V.A. et al., 2015). The set-
ting of the subject area includes the creation of new seman-
tic—linguistic templates that take into account the specifics of
the texts of scientific publications in the field of biology of
plants and crop production.

The second block is the knowledge base containing object
dictionaries and information about the relationships between
objects extracted in block | in the form of an integrated
associative gene network (a graph in which the vertices cor-
respond to objects and the ribs indicate the specified types of
connections). The SOLANUM TUBEROSUM knowledge
base contains dictionaries of molecular genetic objects (genes,
proteins, metabolites, microRNAs), Gene Ontology biological
processes (Gene Ontology Consortium, 2019), phenotypic
traits, diseases and pathogens of potatoes and model orga-
nisms, among other information. To describe relationships
between these objects in associative gene networks, more than
25 different types of interactions are used. These correspond
to, for example, physical interactions, catalytic reactions,
regulation, participation and associations.

In block 3, ANDVisio (Demenkov et al., 2012), designed
to reconstruct and analyse associative gene networks related
to the problem under study, is applied based on the know-
ledge base of SOLANUM TUBEROSUM. The SOLANUM
TUBEROSUM knowledge base can be accessed via the Inter-
net at https://www-bionet.sscc.ru/and/plant/.

The number of interactions in the SOLANUM TUBERO-
SUM knowledge base for three plant species is shown in
Table 1.

The schematic diagram of all stages of the prioritization is
shown in Fig. 1. A detailed description of the development
of the SOLANUM TUBEROSUM knowledge base (see
Fig. 1, a) can be found in previous studies (Saik et al., 2017;
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Ivanisenko T.V. et al., 2018). The prioritization algorithm
consists of several steps (see Fig. 1, b), which are fully auto-
mated in the ANDVisio program. The ANDVisio program
provides the user interface for access to the SOLANUM
TUBEROSUM knowledge base, and has a wide range of
tools for reconstruction, graphic visualisation and analysis
of associative gene networks.

In the first step, the associative gene network for the prob-
lem being studied is automatically reconstructed as specified
by the user, incorporating biological processes from the Gene
Ontology database. To achieve this, the “Reconstruction of
the Network” procedure is implemented in ANDVisio. In the
interface window for this procedure, the name of the Gene
Ontology biological process is selected from the list provided
(which contains all of the Gene Ontology biological processes,
updated annually). Upon the execution of this procedure, an
associative gene network related to a given biological process
will be automatically reconstructed and visualised in graphical
form. The reconstruction algorithm includes an appeal using
MySQL requests to the SOLANUM TUBEROSUM know-
ledge base, which generates a list of genes with a connection to
the specified biological process. The user can choose whether
to use interactions identified by analysing the texts of scientific
publications or those extracted from factual databases. Genes
from this list become vertices in the desired associative gene
network. The formal description of the algorithm is shown in
Fig. 1, b. Using this algorithm, networks were reconstructed
for three biological processes: “Response to Cadmium Ion”,
“Drought Tolerance” and “Response to Salt Stress”.

In the second step, for each reconstructed associative gene
network, biological processes were prioritized according to
the algorithm shown in Fig. 1, b. Prioritization is an automated
iterative process performed by the ANDVisio program. Briefly,
all Gene Ontology biological processes in the SOLANUM
TUBEROSUM knowledge base dictionaries are sequentially
analysed. The analysis included the calculation of the CTC
(cross-talk centrality) indicator. The biological processes were
ranked according to their CTC values thus, biological pro-
cesses with the highest indicator received maximum priority.

The CTC indicator for the vertex i was calculated using
the formula:

CTCi =N;/M, M#£0,
where N; is the number of vertices to which the i vertex is con-
nected by an edge in an analysed column of an associative gene
network, M is the total number of vertices of the associative
gene network, and i takes values from 1 to M. The values of
the CTC indicator range from 0 to 1, with the value of 0 oc-
curring when the peak under consideration on the network is
not related to other vertices. The characteristic N; is known as
the indicator of the Degree centrality of the vertex (Freeman,
1978). This indicator is used because it is assumed that the
larger the vertices associated with this vertex, the greater its
influence in the associative gene network and the molecular
genetic mechanism as a whole. To assess the significance of
the centrality of the vertex (biological process), an approach
to calculate the overrepresentation of biological processes
was used (Subramanian et al., 2005). Using this approach,
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Table 1. Number of basic types of interactions, including molecular genetic interactions and associations,
presented in the knowledge base of SOLANUM TUBEROSUM for three plant species

Interaction type Solanum tuberosum/potato

Association 4783
Cata|yze .................................................. 1140 ..............................................
Regmatlon* ............................................. 346 ..............................................
Momcmarmteractlon ............................... 69 ..............................................
|nvo|vement3857 ..............................................

Arabidopsis thaliana/arabidopsis

Zea mays/maize

294520 15280
..... 268421203
..... 20213”20
..... 16589]78
..... 8 10675906

*The total number of links is shown for the following types of interactions: upregulation, downregulation, regulation, activity upregulation, activity downregu-
lation, activity regulation, expression upregulation, expression downregulation, expression regulation, transport upregulation, transport downregulation and

transport regulation.

a
- . ‘ Automatic knowledge extraction The SOLANUM TUBEROSUM
Dictionaries of objects from the texts
f scientific publications R e e
° ANDVisio program
Gene/proteins - set Vg ANDSystem text mining tools: The knowledge representation model
Metabolites - Vm text normalization, is a semantic network. Reconstruction
GO biological processes - Vgo entity name recognition, Let the knowledge graph is AGN(V, E), and analysis of associative
Phenotypic traits — Vf interaction extraction. where V ={Vgo, Vg, Vm, ...} is a set —p-| gene networks,
Diseases and pathogens - Vd Interaction types: of vertices (objects), < based on access to the
Protein-protein interactions — Eint E = {Eint, Ea, Er, ...} - a set of edges SOLANUM TUBEROSUM
Associations — Ea (interactions) knowledge base
Regulations — Er
The ANDVisio program Rgcgnstructlon of the Prioritization of biological processes
associative gene network vgo Gene Ontology
The user selects B Extending AGN_vgo by adding a vertex
the Gene Ontology process SOLANUM TUBEROSUM

of interest vgo € Vgo
and starts the procedure
for reconstructing

knowledge base.

The result is a subgraph
AGN_vgo(v, e €E).

v ={vgo, vg € Vg}

—]

the associative gene network
according to the selected
process, provided by the
ANDVisio program

from the Vgo set:

¥ meVgo, m #vgo }—y

AGN_vgo(v, e € E) = AGN_vgo({v, m}, e € E)

v

CTC calculation for vertices M = {m}

Sorting M = {m}
CTC(m;) = CTC(mj), i<j

Fig. 1. Schematic diagram of all steps performed during prioritization: a, creating the SOLANUM TUBEROSUM knowledge base; b, prioritization of Gene

Ontology biological processes (Gene Ontology Consortium, 2019).

the probability (p-value) that this vertex will have N, or more
links by random chance in the associative gene network was
evaluated using a hypergeometric distribution adjusted to the
Benjamini—Yekutieli multiple comparison procedure (Ben-
jamini, Yekutieli, 2001).

For the characterisation of the identified processes, a cluster
analysis was carried out by the Markov Cluster algorithm (Van
Dongen, Abreu-Goodger, 2012), using the semantic metric
for biological processes by Wang and colleagues (Wang J.Z.
et al., 2007).

BUONHOOPMATUKA N CUCTEMHAA KOMIMbIOTEPHAA BUONIOTNA / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY

Results and discussion

Using the SOLANUM TUBEROSUM knowledge base, we
reconstructed the associative gene networks of A. thaliana that
described the interaction of genes with biological processes
related to plant responses to adverse environmental factors,
including drought, salt stress and increased cadmium content.
To study the potential molecular genetic mechanisms under-
lying the reconstructed gene networks, biological processes
were prioritized based on the centrality of their interactions
with the network’s genes/proteins.
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Plant responses to drought

The associative gene network for the biological process
“drought tolerance”, reconstructed in the SOLANUM TU-
BEROSUM knowledge base, included 292 vertices (proteins)
interconnected by 440 ribs (Fig. 2). To simplify the repre-
sentation of the interactions, the genes corresponding to the
proteins are not illustrated. The relatively large number of
proteins associated with the term “drought tolerance” can be
explained by the fact that plant resistance to drought is con-
ditioned by numerous aspects of plant physiology — a search
query in PubMed for the keywords “drought” and “plants”
yields more than 18,000 publications.

It should be noted that the analysis based on automatic
processing of scientific literature data depends on how deeply
the subject area has been studied. Thus, our conclusions can
indicate the presence of an interaction, according to the pub-
lished data, but cannot assert the absence of an interaction
simply because the interaction is not discussed in the literature.

Among the biological processes associated with proteins in
the associative gene network “drought tolerance”, there were
208 processes with a Q-value below the significance level of
0.05. Their centrality scores ranged from 0.0067 to 0.58. The
identified biological processes were divided into 22 clusters
according to semantic proximity (Fig. 3).

Alist of 12 biological processes with the largest number of
links with other objects in the drought tolerance gene network
is shown in Table 2.

The prioritization enables the identification of such funda-
mental processes as “transcription”, “signaling” and “gene
expression”, which fell into the clusters “post-translational
modifications”, “cellular processes” and “cellular metabo-
lism”, respectively. The processes associated with transcrip-
tion, translation and gene expression are widely discussed in

Prioritization of biological processes describing
the response of plants to adverse environmental factors

the context of transcription factors and their participation in
plant responses to adverse environmental conditions (Leng,
Zhao, 2020).

Signaling processes induced by external and endogenous
factors also play an important role. In particular, the process
“ABA signaling” (abscisic acid signaling pathway) was highly
rated (see Table 2). The CTC level for this process was found
to be 0.34. This means that when the analysed associative
gene network “drought tolerance” is expanded by adding the
“ABA signaling” vertex, 34 % of all vertices will be associated
with it. Many studies have demonstrated the high impor-
tance of ABA in plant responses to drought (approximately
3000 publications in PubMed). It has been shown that ABA
is synthesised in leaves in response to a water deficiency
signal transmitted from roots to shoots and is involved in
mechanisms of drought resistance, such as stomata closure
and production of osmotic defence proteins (Takahashi et al.,
2018). ABA is also involved in the regulation of flowering time
(“flowering” is on the list of priority processes, see Table 2).
For example, it was shown that under drought conditions,
ABA-responsive element binding factor 3 (ABF3) and ABF4,
along with nuclear transcription factor Y subunit gamma
(NF-YC), enhance the expression of suppressor of overex-
pression of constans 1 (SOC1), thus promoting acceleration
of plant flowering, allowing the plant to complete its life cycle
at an earlier date (Hwang et al., 2019).

Another process associated with the response of plants
to drought, located in the upper lines of the prioritization
results (see Table 2), is phosphorylation (one of the main
ways to transmit regulatory signals in a cell). For example, it
was shown in A. thaliana that the transcriptional activation
of genes sensitive to drought requires phosphorylation of the
transcription factor RD26 by the kinase brassinosteroid in-

Table 2. Ranking of biological processes according to their potential relationship with the “drought tolerance” process

No. Biological process Cluster name

Number of links* CTC p-value Q-value™*
173 ............................. 059 ...................... 7E_64 ................... 3E_61 ...............
121 ............................. 041 ....................... 1E_81 ................... 7E_79 ..............
121 ............................. 041 ....................... ZE_73 ................... 1E_70 ..............
107 ............................. 037 ...................... 1E_68 ................... 55_66 ..............
106 ............................. 0361E_27 ................... 15_25 ..............
..... 980341E_861E_83
..... 840298E_5025_47
..... 740254E_204E_18
..... 6902455_3375_31
59 ............................. 020 ...................... 2E_61 ................... 55_59 ..............
59 ............................. 020 ...................... 6E_24 ................... 6E_22 ..............
58 ............................. 020 ...................... 5E_33 ................... 7E_31 ...............

*The number of connections between the biological process and proteins/genes in the associative network.

** Significance adjusted for multiple Benjamini-Yekutieli comparisons.
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Fig. 2. Associative gene network “drought tolerance” for Arabidopsis thaliana, including proteins and biological processes as vertices.

@ regulation of leaf senescence

@ cellular processes

@ response to stimulus

@ cellular metabolism

@ post-translational modifications
@ signaling pathways

@ endocytosis

@ retention

@ fertilization

@ induced systemic resistance

@ transcriptional control

@ very-long-chain fatty acid synthesis
@ chaperone activity

@ inhibition of seed germination
@ auxin transport

@ desiccation tolerance

@ regulation of proline biosynthesis
@) mitotic exit

© freezing tolerance
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@ RNA interference

@ sod activation

Fig. 3. Semantic proximity clustering of biological processes significantly overrepresented in the “drought tolerance” associative

gene network.

Ovals outline vertices from one cluster. The colour of the vertices and ovals matches the colour of the cluster in the legend.
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sensitive 2 (BIN2) (Jiang et al., 2019). In a study of a drought-
resistant rapeseed cultivar (Brassica napus L.), an important
role was shown for beta carbonic anhydrase 1 (BCA1) phos-
phorylation in photosynthesis regulation under drought condi-
tions (Wang L. et al., 2016).

The position of biological processes such as plant resistance
to cold and salt stress in the list of prioritized processes in
the analysis of plant response to drought conditions deserves
special discussion. Although these processes were not at the
top of the list of processes with the highest priority for the
associative gene network “drought tolerance” (see Table 2),
they had a rather high rating (CTC = 0.1). Indeed, plant
resistance to various adverse environmental factors is often
mediated by the same molecular genetic mechanisms. For
example, it was shown in corn (Zea mays) that the expression
of the transcription factor MYB (MYB3R) is induced during
both drought and salt stress, contributing to plant resistance
to these environmental factors (Wu et al., 2019). In soybean
(Glycine max), it was shown that another transcription factor
in the MYB family, MYB118, also plays an important role in
plant resistance to drought (Du et al., 2018). Its expression,
like that of MYB3R, is induced under drought and salt stress,
and the newly synthesised MYB118 enhances the expression
of stress-associated genes that mediate the plant response to
these stresses. In cotton (Gossypium spp.), an important role
was shown for proteins in the cyclin-dependent kinase family
in plant response to drought and salt stress (Magwanga et al.,
2018). The mechanisms of plant response to drought overlap
with the mechanisms of response to cold stress: in both cases,
the synthesis and mobilisation of abscisic acid is induced in
the vascular tissue of the leaves, which is necessary for the
regulation of stomatal closure (reviewed in Agurla et al.,
2018).

Prioritization of biological processes describing
the response of plants to adverse environmental factors

Plant response to salinity

The “response to salt stress” associative gene network con-
tained 81 vertices and 102 links (Fig. 4). Twelve of the highest-
priority processes with a centrality index of at least 0.2 were
identified (Table 3). As in the case of the drought resistance
associative gene network, all of the processes included in the
list of the highest priority processes are statistically signi-
ficant.

Among the biological processes associated with proteins in
the “response to salt stress” associative gene network, 85 had
a Q-value of <0.05. Their centrality scores ranged from 0.02
to 0.34. The identified biological processes were divided into
14 clusters according to semantic proximity (Fig. 5).

A list of the 12 biological processes with the largest num-
ber of connections with other objects in the “response to salt
stress” gene network is shown in Table 3.

Salt stress tolerance is widely represented in the scientific
literature — a PubMed search for the keywords “salt” and
“plants” yields more than 24,000 publications. The analysis
yielded a list of top-rated processes that included “seed germi-
nation”, which fell into the “respiration” cluster (see Table 3).
For example, the authors showed in Stylosanthes humilis that
increased salt content suppresses seed germination and results
in decreased ethylene production and increased abscisic acid
production (Silva et al., 2018). Leaf senescence during nor-
mal plant development and caused by salt stress occurs via
common hydrogen peroxide-mediated signaling pathways, as
shown in A. thaliana (Allu et al., 2014).

Plant response to the presence of cadmium

Cadmium is toxic to most plants and animals (Genchi et al.,
2020). It can be present in soil, causing stress responses in
plants, suppressing the growth of roots and shoots and re-

Table 3. Ranking of biological processes according to their potential relationship with the “response to salt stress” process

No. Biological process Cluster name
1 ........... Transcnpt,on ................................ RNASyntheS|s ...........................
2 Signaling cellular processes
3 Salt tolerance response to stress
4 Gene expression cellular lipid metabolism

7 Response to salt response to stress

8 Flowering respiration
9 .......... SeEd g ermmatlon ........................ re Spl ratlon .................................
10 .......... Droughtto|erance ....................... responsetostress ....................
11 ........... Response tostress ....................... responsemstress ....................
12 .......... Deg ,.a d atlon ................................. ce”u|ar processe S .....................

Number of links* CTC p-value Q-value®*
. 30 .............................. 034 .................... 18E_5 ................ 80E_4 ...............

. 28 .............................. 032 .................... 45E_16 .............. 13E_13 .............

. 28 .............................. 032 .................... 655_32 .............. 315_29 .............

. 24 .............................. 027 .................... 645_11 ............... 595_9 ...............

. 22 .............................. 025 .................... ng_7 ................ 31E_5 ...............

. 20 .............................. 023 .................... 17E_9 ................ 12E_7 ...............

. 18 .............................. 020 .................... 53E_25 .............. 19E_22 .............

. 17 .............................. 019 .................... 365_8 ................ 225_6 ...............

. 16 .............................. 018 .................... 425_12 .............. 525_10 .............

. 15 .............................. 017 .................... 12E_9 ................ 92E_8 ...............

. 15 .............................. 017 .................... 165_8 ................ 525_10 .............

. 14 .............................. 016 .................... 145_5 ................ 60E_4 ...............

*The number of connections between the biological process and proteins/genes in the associative network.

** Significance adjusted for multiple Benjamini-Yekutieli comparisons.
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Fig. 4. Associative gene network “response to salt stress” for Arabidopsis thaliana, including proteins and biological processes as vertices.
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Fig. 5. Semantic proximity clustering of biological processes significantly overrepresented in the “response to salt stress” associative gene
network.

Ovals outline vertices from one cluster. The colour of the vertices and ovals matches the colour of the cluster in the legend.
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phosphoryiation UTP synthests.

Prioritization of biological processes describing
the response of plants to adverse environmental factors

. Biological process

° Protein

* Interaction

Fig. 6. Associative gene network “response to cadmium ion” for Arabidopsis thaliana, including proteins and biological pro-

cesses as vertices.

cysteine homeostasis

@ cellular amino acid biosynthesis
@ photosynthesis

@ response to metal

@ UTP synthesis

@ biosynthesis

@ ether lipid metabolism

@ cycteine homeostasis

@ innate immunity

innate immunity

Fig. 7. Semantic proximity clustering of biological processes significantly
overrepresented in the “response to cadmium ion” associative gene net-
work.

Ovals outline vertices from one cluster. The colour of the vertices and ovals
matches the colour of the cluster in the legend.

ducing the rate of photosynthesis and nutrient consumption
(Genchi etal., 2020; Kaya et al., 2020). The increased interest
in the problem is due to some plants being prone to cadmium
hyperaccumulation, which raises prospects for their use for
both soil cleaning and other industrial purposes (Kiipper,
Leitenmaier, 2013). However, the mechanisms underlying
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plant response to cadmium remain poorly understood. Nine
genes were associated with the biological process “response to
cadmium ion” in the SOLANUM TUBEROSUM knowledge
base for A. thaliana (Fig. 6).

Among the biological processes related to proteins in the
“response to cadmium ion” associative gene network, 28 had
a Q-value below 0.05. Their centrality scores ranged from 0.11
to 0.44. The identified biological processes were divided into
8 clusters according to semantic proximity (Fig. 7).

Alist of the 12 biological processes with the largest number
of connections with other objects in the “response to cadmium
ion” gene network is shown in Table 4. Among the biological
processes with a high rating in the cadmium response gene
network, there were two processes associated with cell death
(“programmed cell death” and “cell death), which were in the
“photosynthesis” cluster. The importance of programmed cell
death in response to cadmium has been confirmed in dozens
of publications. For example, it was shown that cadmium
causes morphophysiological changes and programmed cell
death in Genipa americana L. (Souza et al., 2011); moreover,
in tomato cell culture, it was demonstrated that cadmium
induces programmed cell death using caspase-like proteases
(Iakimova et al., 2008).

In studies of the molecular mechanisms of plant responses
to unfavourable factors, it may be of great interest to identify
both general and specific biological processes. Below we con-
sider examples of general and specific processes.

Comparative analysis of reconstructed

associative gene networks

Comparison of the “response to salt stress” and “drought to-
lerance” associative networks revealed 41 common biological
processes, 40 processes specific to the response to salt stress
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Table 4. Ranking of biological processes according to their potential relationship with the “response to cadmium ion” process

No. Biological process Cluster name Number of links*  CTC p-value Q-value™*
1 ............ Slgn alm g ............................................... ph Otosyn thes's .................................... 4 ................................. 044 ............. 50E_4 ........... 10E_2 ..........

2 ........... BlosyntheSIs .......................................... blosyntheSIs ......................................... 4 ................................. 044 ............. 31E_4 ........... 84E_3 ..........

3 ........... Geneexpressmn ................................... blosynthem ......................................... 4 ................................. 044 ............. 10E_3 ........... 17E_2 ..........

4 ........... Program mEdce”death ....................... phOtosyntheSIs .................................... 3 ................................. 033 ............. 78E_5 ........... 26E_3 ..........

5 ........... Ce”death .............................................. phOtosyntheSIs .................................... 3 ................................. 033 ............. 51E_4 ........... 13E_2 ..........

6 ........... Ph OtosyntheSI S ..................................... ph Otosyn thes's .................................... 3 ................................. 033 ............. 75E_4 ........... 13E_2 ..........
7 Indoleglucosinolate biosynthesis  cellular amino acid biosynthesis 2 02 195 97E4
8 Cystenesynthesisfromserine  cellularamino acid biosynthesis 2 022 385 1483
9 ........... Cysteme blosyntheSIs ........................... cellmarammoaadblosyntheSIs ....... 2 ................................. 022 ............. 16E_4 ........... 46E_3 ..........
10 Camalexinbiosynthesis cellular amino acid biosynthesis 2 022 293 402
1 Cellularaminoacid biosynthesis  cellular amino acid biosynthesis 2 02 3763 442
12 ........... Ce | | fate dEte rmm a tlon ........................ ph Otosyn thes's .................................... 2 ................................. 022 ............. 28E_5 ........... HE_3 ..........

*The number of connections between the biological process and proteins/genes in the associative network.

** Significance adjusted for multiple Benjamini-Yekutieli comparisons.

network and 156 processes specific to the drought tolerance
network. Examination of all three associative gene networks
revealed five common biological processes: signaling, cell
death, programmed cell death, gene expression and photo-
synthesis. Notably, the tables of biological processes with
the greatest number of connections with other objects (see
Tables 2—4) mainly include general processes that have a
statistically significant relationship with two or all three of
the gene networks of plant responses to unfavourable factors.

Identification of biological processes specific to the plant
response to drought compared with the responses to salinity
and cadmium has revealed a group of processes associated
with seed development: “seeding development”, “seed deve-
lopment”, “seed dormancy”, “seed maturation”, “regulation
of seed size” and “inhibition of seed germination”. Indeed,
many articles demonstrating the impact of drought on these
processes have been published. It was shown that a lack of
water leads to a decrease in the rate and duration of maturation
of lentil seeds, leading to a decrease in their size (Sehgal et al.,
2019). Similar studies on soybean lines clearly showed that
drought conditions affect the quality of seed preparation and
subsequent germination (Wijewardana et al., 2019).

When identifying biological processes specific to the res-
ponse of plants to salinity, a group of processes associated with
ion transport was distinguished: “ion transport”, “membrane
transport”, “sodium transport”, “cation transport”, “transmem-
brane proton transport”, “sodium ion transmembrane trans-
port” and “potassium ion homeostasis”. Indeed, the adaptation
of plants to conditions of salt excess depends on their ability to
remove Na* and ClI- ions or to increase resistance to osmotic
stress and ion accumulation in tissues (Munns, Tester, 2008).

Comparing the biological processes specific to the plant
response to the presence of cadmium with those involved in

BUONHOOPMATUKA N CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY

responses to drought and salinity highlights several processes
associated with lipid metabolism: “ether lipid metabolism”,
“phospholipid degradation” and “glycerophospholipid me-
tabolism”. It is known that lipid peroxidation is one of the
manifestations of the toxicity of cadmium. For example, in
tomatoes, it has been shown that cadmium induces substantial
changes in lipid composition, causing premature aging of
leaves (Djebali et al., 2005).

Conclusion

The molecular genetic mechanisms of potato resistance to
unfavourable conditions remain rather poorly understood. The
accumulated knowledge about the A. thaliana model plant can
shed light on the molecular interactions in the gene networks
involved in the response of potatoes to stress conditions. This
approach is also used in studies by other researchers. For
example, Z. Ramsak and colleagues (2018) built a model of
immune signaling pathways in A. thaliana, then superimposed
the data obtained onto S. tuberosum to gain new knowledge
about the immune signaling pathways in potatoes.

The Gene Ontology database (Gene Ontology Consortium,
2019) contains information on biological processes and the
genes involved in their functioning. Using Gene Ontology
terms, molecular genetic mechanisms involved in the breeding
and important traits of plants, knowledge of which is neces-
sary for the development of modern approaches for marker-
oriented and genomic selection, can be described. However,
the analysis of gene networks built by analysing literature
sources containing data on the relationship between genes
and the studied processes is also of great interest.

Analysis of the prioritization of biological processes that
may be involved in the response of plants to unfavourable
factors (cadmium, salinity and drought conditions), performed
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using the reconstruction of associative genes, showed good
agreement with the well-known literature data. Among the bio-
logical processes that received high priority were fundamental
processes related to the expression of genes, post-translational
modification of proteins and degradation, as well as processes
associated with cell death. The various ways to transmit sig-
nals occupies an important role in the mechanisms of plants’
responses to adverse factors.

When comparing the biological processes identified as
playing a role in responses to unfavourable conditions, in ad-
dition to finding common processes associated with all three
of the unfavourable factors in the external environment, we
also identified processes that were statistically significantly
connected with only one of the associative networks studied.
Among the biological processes specifically involved in res-
ponse to drought is a rather large group associated with the
development of seeds (for example, “seeding development”
and “seed dormancy”). Among the processes involved speci-
fically in the response to saline stress are a group of processes
associated with ion transport (for example, “ion transport”,
“transmembrane proton transport” and “sodium ion trans-
membrane transport”). Finally, processes involved in lipid
metabolism (such as “phospholipid degradation”) were spe-
cific to the plant response to cadmium.
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Abstract. The allelic polymorphism of the serotonin transporter’s gene 5-HTTLPR is considered as one of the factors
determining an individual genetic predisposition to the development of a wide range of affective disorders, includ-
ing depression. Many studies have shown that the climatic and social conditions of people’s life can have a significant
impact on the connections of 5-HTTLPR with the risk of depression. The stop-signal paradigm (SSP) is an experimental
method allowing evaluating an individual ability to the self-control of behavior in a changing environment. In the SSP
experiment, a subject should either press one of several buttons quickly after the appearance of the target stimuli
or suppress the already started movement if an inhibitory signal follows the target stimulus. The aim of this study is
a research of associations between the allelic the 5-HTTLPR polymorphism and the individual scores of the personal
anxiety level, as well as the behavioral and neurophysiological indicators of the ability to self-control over motor reac-
tions in the SSP. The study was conducted among people from three ethno-regional groups: healthy Caucasoids from
Novosibirsk, the Mongoloid groups of the indigenous population of the Tuva Republic and Sakha Republic (Yakutia).
Genetic, ethnographic, and psychological influences on an individual’s ability to control motor responses were com-
pared. The amplitude of the premotor peak of the evoked brain potential was used as a neurophysiological marker
of the person’s readiness to the execution of target-directed activity. It was revealed that the frequency of the S-al-
lele polymorphism 5-HTTLPR was significantly higher for both mongoloid groups compared to the Caucasoids. The
S/S genotype was associated with an increased level of personal anxiety and at the same time with a better ability to
the self-control of behavior in the SSP experiment. Anxiety level, participants’ sex, ethnicity, and allelic polymorphism
5-HTTLPR had a statistically significant effect on the amplitude of the premotor readiness potential recorded under the
SSP conditions in the frontal and parietal-occipital cortical regions. Our data support the hypothesis that the 5/S geno-
type of the 5-HTTLPR polymorphism may be associated with more success in adapting to the climatic conditions con-
nected with high life risk in comparison to L/L and L/S genotypes.

Key words: serotonin transporter; 5-HTTLPR polymorphism; personal anxiety; stop-signal paradigm; premotor evoked
potential.
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Connection of 5-HTTLPR polymorphism with event-related
potentials under the stop-signal paradigm

AHHOTauumA. AnnesbHbli nonMMopdU3M reHa TpaHcnopTepa cepoToHnHa 5-HTTLPR paccmaTpurBaeTcs Kak ofuiH 13
$aKTOpOB, onpeaenaALMX reHeTUYeCKyto NPeApPacnonoXeHHOCTb YenloBeKa K Pa3BUTMIO LIMPOKOTo pafa addeKkTms-
HbIX HapyLUEHWI, BKNtoYaa aenpeccuto. Bo MHornx nccnefosaHmax 6bi10 NokasaHo, YTo KAMMaTUYeckre u counanb-
Hble YCNOBUA XN3HW NIofel MOryT OKa3aTb CyLeCTBEHHOe BAnAHMe Ha B3aumocBA3b 5-HTTLPR ¢ puckom genpeccum.
Cron-curHan napagnrma (CCM) — 370 sKCNeprMeHTasbHbIN MeTOf, NO3BONAIOLMIA OLEeHNUTb CNOCOBHOCTM YenloBeKa K
KOHTPOJIO CBOEro NoBefleHNA B YC/IOBMAX U3MeHALWenca BHelwHen cpefbl. B CCI skcnepumeHTe ncnbiTyembii Aon-
»KEH NGO BbICTPO HaXKMMaTb Ha OAHY M3 HECKOJIbKMX KHOMOK MOC/Ie NOSABNEHNUS LieSIEBbIX CTVMYIOB, MO0 NOJABNATb
yXKe HauaToe ABUXKEHME, eCNI MOC/Ie LiefIeBOro CTUMYyINa ClieflyeT 3anpeluatowmin curHan. B npepcrtaBneHHoin paborte
nccnepytotca accoumauny nonumopéusma 5-HTTLPR ¢ oLeHKaMu ypoBHA NMMYHOCTHOW TPEBOXKHOCTU, @ TakxKe nose-
OEHUYECKUMM 1 Hepodur3nonornyeckumm (anekTposHuedpanorpamma, 33I) nokasatensimm CnocOOHOCTU K KOHTPOJIO
asuratenbHbix peakuymn B CCMNy npegcraBuTenen Tpex STHO-pPernoHasnbHbIX Py — 30POBbIX eBponeonaos us r. Ho-
BOCMOUPCKA, MOHTONTOUAHBIX TPYNN KOPEHHOTro HaceneHnsa Pecny6nuku Toisa 1 Pecny6nukn Caxa (Akytus). Llenbto nc-
cnefloBaHNA ObIIO COMOCTABMIEHME FTEHETUYECKIX, STHOrPaPpUUECKMX 1 NCUXONOrnyecknx 3GpHeKToB Ha CMOCOBHOCTb
VHAVBUAA K KOHTPOJIO MOTOPHbIX OTBETOB. AMNNUTYAA NPEMOTOPHOIO NMUKA BbI3BaHHOTO NOTEHLMaNa NCNoib30BaHa
B KauecTBe HeMpodr3nMonornyeckoro Mapkepa roToBHOCTM YenoBeKa K BbIMOHEHNIO LieneHanpaBaeHHbIX AeCTBIIA.
BblfBNEHO, YTO YacToTa BCTpeyaeMocTu annens S nonumopousma 5-HTTLPR goctoBepHO Bbille Afig 06emx MOHIo-
NOVAHBIX FPYNM B CPaBHEHUN C eBponeongHon. feHoTun S/S accoumMmpoBaH C NOBbILEHHbIM YPOBHEM JINYHOCTHOW
TPEBOXHOCTU U OQHOBPEMEHHO C Jyylleil CNOCOBHOCTBIO K KOHTPOMIO ABMKeHUi B ycnosusax CCI skcneprmeHTa.
YpoBeHb TPEBOXKHOCTY, MO UCMbITYEMbIX, STHUYECKaA NPUHAANEXHOCTb 1 annenbHbi nonumopdunsm 5-HTTLPR oka-
3bIBAOT CTaTUCTUYECKM [OCTOBEPHOE BINAHME Ha aMMIMTYAY NPEMOTOPHOrO NOTEHLMana roTOBHOCTY, perucTpupye-
moro B ycnioBusax CCIM B NOGHbIX 11 TEMEHHO-3aTbTOYHbIX 06N1acTsAX Kopbl. Halum JaHHbIe MOATBEPXKAAIOT MMMOTE3Y, YTO
reHoTMn S/S nonumopdusma 5-HTTLPR moKeT 6bITb acCoLMMPOBaH C 6osbLUEN YCNELWHOCTbIO aganTaumm K KnmmaTtu-
YeCKnM yCNoBUAM, CBA3aHHbIM C BbICOKMM PUCKOM [1A XMU3HW, B CPaBHEHWW € reHoTunamm L/L v L/S.

KnioueBble cioBa: TpaHCMOPTEP CEPOTOHUHA; nonnmopdram 5-HTTLPR; nMYHOCTHan TPEBOXHOCTb; Mapagurma cTon-

CUTHan; NPEeMOTOPHbIV Bbl3BaHHbIV MOTeHLMan.

Introduction

The subject of psychological genetics is the identification
of molecular markers associated with psychological charac-
teristics of healthy people and predisposition to the onset of
psychiatric and neurological diseases (Eysenck, 1990; Mil-
ler, Lynam, 2003). Serotonin neurotransmitter transporter
(5-HTT) polymorphism is one of the most extensively studied
molecular markers of predisposition to a wide range of mental
disorders (Lesch etal., 1997; Arango et al., 2003). In humans,
the serotonin transporter is encoded by the SLC6A4 gene
located on chromosome 17 (Gelernter et al., 1995). The pro-
moter region of the serotonin transporter gene (5-HTTLPR)
contains 16 tandem repeats about 20 bp units. Polymorphism
5-HTTLPR is presented by two allelic variants: long variant
contains 16 repeats (L allele) and short variant contains 14 re-
peats (S allele). It is known, the S allele is associated with a
reduced efficiency of the transport function of this protein
(Lesch et al., 1996). In addition, the long allele contains an
AJG single nucleotide polymorphism, with the Lg allele func-
tionally similar to the S allele (Hu et al., 2005).

It was revealed, that the S allele increased the risk of de-
pression in people who have experienced life stress (Caspi et
al., 2003). However, the relationship of this allele with stress
and depression is still a topic of active discussion (Munafo et
al., 2009; Risch et al., 2009; Knyazev et al., 2017). In some
works, this connection was confirmed, while in others, on
the contrary, it was rejected. There are also studies in which
the S allele is associated not only with negative qualities.
A number of studies have shown that people with the S allele
performed better than carriers of the L/L genotype when solv-
ing a wide range of cognitive tasks (Homberg, Lesch, 2011).
S allele carriers showed greater success on the divergent
thoughts test (Molf et al., 2009), demonstrated better visual
planning abilities (Roiser et al., 2006) and better attention to

differences in the probability of winning, showed more inten-
sive error handling (Althaus et al., 2009), high performance
in card sorting tests in the Wisconsin problem (Borg et al.,
2009), and higher 1Q scores (Volf et al., 2015). All of these
results can be explained by the “differential susceptibility”
hypothesis, according to which the so-called “risk alleles”
may have a higher sensitivity to environmental challenges.
What is harmful in some circumstances may be beneficial in
other life situations.

The association of 5-HTTLPR polymorphism with per-
sonality traits in healthy individuals is also a topic of intense
debates (Hariri et al., 2005; Dannlowski et al., 2008; van der
Meer et al., 2016). We have previously shown that associa-
tions between different 5S-HTTLPR alleles and personality
traits in healthy subjects were significantly modulated by
ethnic and cultural affiliation of people (Savostyanov et al.,
2015). In general, from a review of the scientific literature,
we can conclude that when searching for markers of mental
illness or personality traits, it is impossible to limit ourselves
only to the molecular-genetic level of the description of the
nervous system. It is also necessary to take into account the
characteristics of human behavior in changing environmental
conditions, including their behavior in society.

When studying complex multifactorial associations be-
tween genotype and behavior, it is paramount to choose a
proper experimental model that will allow to conduct the study.
One of these models is the stop-signal paradigm (SSP, Band
etal., 2003). SSP is designed as a method to assess a person’s
ability to control their own actions in a changing environment
with an acute shortage of time for decision-making. The es-
sence of the method is that a person in a random order either
performs quick targeted actions in response to the appearance
of target events, or suppresses the already started activity if
the target event is followed by a prohibitory signal. Previously,
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we showed that 5-HTTLPR polymorphism is associated with
indicators of motor control under ERP conditions (Karpova
et al., 2017). Carriers of the S allele showed significantly
better scores on control over movements compared to people
with the L/L genotype. In another our study, it was shown
that SSP can be used to study endophenotypic differences
between subjects (Savostyanov et al., 2009). Comparison
of EEG reactions under ERP conditions revealed significant
differences between people with different levels of anxiety
regarding the dynamics of neurophysiological processes as-
sociated with control over movements. Thus, on the basis of
preliminary studies, it can be concluded that the analysis of
behavioral and neurophysiological indicators recorded in the
SSP experiments makes it possible to reveal their dependence
simultaneously on genetic differences of people, the level of
their personal anxiety and other indicators including gender
and age of participants.

The current article presents the multivariate analysis of the
associations between the 5-HTTLPR allelic polymorphism,
the level of personal anxiety, and behavioral and neurophy-
siological indicators reflecting brain activity under motor
control conditions. One of the well-studied neurophysiologi-
cal markers of motor control detected in ERP is the premotor
readiness potential (the so-called Bereitschaftspotential or
readiness potential). This electrographic brain response is
detected on the EEG in time intervals immediately preceding
the execution of the planned actions. The amplitude and corti-
cal topography of the premotor potential reflects a person’s
readiness to perform an action.

We carried out a comparative study in three groups of
healthy young people, differing in ethnicity and region of
residence. A large group of Caucasians (mainly Russians), per-
manently residing in a large industrial city (Novosibirsk), was
examined. In addition, two independent groups of Siberian
Mongoloids were examined — Tuvans living in the Republic
of Tuva, Kyzyl, and a group of Mongoloids, consisting main-
ly of Yakuts and Evenks, living in the Republic of Sakha
(Yakutia). Our hypothesis assumed that the influence of the
level of anxiety and 5-HTTLPR polymorphism affects the
amplitude of the cerebral premotor potential under conditions
of movement activation in the ERP.

Materials and methods
Subijects. A total of 294 young, healthy subjects, in average
23.4£3.2y.0.,117 men, 177 women, mainly students of vari-
ous universities participated in the survey. 121 of them were
permanently living in Novosibirsk and considered themselves
to be one of the Caucasian ethnic groups (approximately
72 % — Russians, 10 % — Ukrainians, 7 % — Tatars, 4 % — Jews,
7 % — the rest). 94 people were examined at the Tuva State
University, Kyzyl, the Republic of Tuva. All subjects from
this group referred to themselves as ethnic Tuvans. Another
79 people were examined at the North-Eastern Federal Univer-
sity in Yakutsk. In this group, approximately 80 % identified
themselves as Yakuts (Sakha), 15 % — as Evenks and about
5 % — as Yukagirs.

Before the examination, all subjects signed an informed
consent to participate in the examination and filled out
a questionnaire in which they noted the presence of various
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diseases. The exclusion criteria were the presence of mental
or neurophysiological diseases, as well as brain injuries within
three years before the examination. In addition, participants
who indicated in the questionnaire that they use drugs or
psychoactive substances were excluded from the experimental
sample. Also, pregnant women and women in the first four
days of the menstrual cycle were excluded from the study. The
examination protocol met the requirements of the Declaration
of Helsinki on Biomedical Ethics and was approved by the
Ethics Committee of the Research Institute of Physiology and
Fundamental Medicine.

Before the start of the examination, all subjects completed
the Russian version of the psychological questionnaire of
C. Spielberger to assess the level of situational and personal
anxiety. In addition, buccal epithelium samples were taken
from all participants to determine the 5-HTTLPR allelic po-
lymorphism.

Determination of 5-HTTLPR polymorphism. Genomic
DNA was isolated from buccal epithelium samples by using
a DNA isolation kit (Biosilica, Russia). The genotypes of
the subjects (L/L, L/S, S/S) were determined by PCR using
specific primers F 5'-ggcgtgcgctgtgaattge-3' and R 5'-gagga
ctgagctgacaaccac-3' (Lesch et., 1996) and the genomic DNA
of the subjects as a template. PCR products were separated
by electrophoresis in 3 % agarose gel stained with ethidium
bromide. The Sand L allele sizes for 5-HTTLPR were 489 and
529 bp, respectively. For determination of polymorphism of
La/Lg the products of amplification split during 3 h by Mspl
endonuclease. The resulting fragments were separated and
visualized on 3 % agarose gel stained with ethidium bromide.
Cleavage product sizes for the La allele were 340, 127 and
62 bp, while for the Lg allele were 174, 166, 127 and 62 bp.
Lg allele was included in the S allele group because the two
alleles are functionally similar (Hu et al., 2005).

Experimental method “Stop-Signal Paradigm”. In the
experiment, the technique proposed by Band et al. (2003) and
adapted for EEG recording by Savostyanov and co-authors
(2009) was used. The experiment was designed in the form
of a computer game “Hunt”. The participant was randomly
presented with 130 visual stimuli (50 % tanks and 50 % deers).
Stimuli with a size of 5x7 cm appeared in the center of the
computer screen, located about 1 meter from the subject’s
head. The stimulus was shown on the screen for 0.75 se-
conds; the interval between stimuli varied randomly within
3-5 seconds. The subject’s task was to press the left button as
quickly as possible after the appearance of a deer (which cor-
responded to a shot from a crossbow) and the right button after
the appearance of a tank (which corresponded to a shot from
an anti-tank weapon). If the participant managed to press the
button correctly before the image disappeared from the screen,
they were awarded game points. If the participant chose the
button incorrectly or pressed it after 0.75 seconds, their game
score was decreased. In 35 % of cases, after the appearance of
the target stimulus, a stop signal was presented (a red square
in the center of the figure with the inscription “Stop”). The
interval between the appearance of the target light and the
stop light ranged from 0.25 to 0.75 seconds. In the event of
astop light, the participant had to interrupt the movement that
had already started. If the participant stopped moving, their

595



A.N. Savostyanov, D.V. Bazovkina, S.A. Lashin ...
U.N. Kavai-ool, N.V. Borisova, A.G. Karpova

score did not change. If the subject pressed the button after the
stop-light appeared, their score would decrease. Accordingly,
all tasks of the SSP were subdivided into the “Go” condition,
when it was necessary to press the button (100 tasks out of
130), and the “Stop” condition (30 tasks out of 100), when
it was necessary to suppress the movement. The sequence of
tasks from both conditions was randomized for all subjects.

EEG registration. EEG was recorded using an actiChamp
biopotential amplifier from Brain Products, Germany, with
a bandwidth of 0.3-100 Hz, a signal sampling rate of 1000 Hz.
The electrodes were placed according to the international
scheme 10-5 % with grounding at AFz and reference at Cz.
For participants from Novosibirsk, EEG was recorded using
128 channels, for participants from Kyzyl and Yakutsk, EEG
was recorded using 64 channels. Additionally, an electroocu-
logram (VEOG, HEOG) and an ECG were recorded for all
participants.

EEG preprocessing and calculation of event-related po-
tentials. To assess changes in signal amplitude associated
with the appearance of a target stimulus, event-related po-
tentials (ERPs) were calculated using the ERPLAB software
package (https://erpinfo.org/erplab). EEG fragments contain-
ing muscle artifacts that could not be corrected were excluded
from the analysis. For each participant, 80-90 EEG fragments
containing the mark of the target event occurrence in the
“Go” condition were selected. The time interval from —1.5
to +3.0 seconds before and after the appearance of the target
signal was selected for analysis. The time interval from -1.5
to —0.5 seconds before the appearance of the target signal was
used for baseline correction.

The EEG was preliminarily filtered in the range of 1-40 Hz
using eleptic filters. Following the recommendations of De-
lorme and Makeig (2004), the re-reference procedures for the
averaged referent and subtraction of the baseline were per-
formed during data pre-processing. Independent components
analysis (ICA) was performed to exclude oculomotor and blink
artifacts. Initially, component weights were calculated indi-
vidually for each participant. Components that corresponded
to ocular artifacts were identified by visual inspection in
conjunction with EOG and ECG. Components with artifacts
were removed during EEG pre-processing.

Event-related potentials (ERPs), which were calculated in
the ERPLAB software package, were used to assess changes
in brain activity associated with motor tasks. After removing
the artifacts, we calculated the ERP values using the ERPLAB
program independently for each EEG channel and each par-
ticipant. The results were filtered with a 15 Hz cutoft filter.
After that, the average amplitude for the premotor readiness
peak was calculated in a time window from 350 to 600 ms
after the appearance of the target stimulus.

Statistical analysis of results. One Way analysis of vari-
ance (ANOVA) with one target and three fixed variables was
used to statistically assess the significance of the obtained
behavioral results. As a target variable, one of three indicators
was chosen independently of each other — the level of per-
sonal anxiety, time (in milliseconds) and quality (percentage
of correct decisions) of the task in the “Go” condition. The
fixed variables were simultaneously stated: “gender” (men
or women), “ethno-regional group” (Novosibirsk Caucasians,
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Connection of 5-HTTLPR polymorphism with event-related
potentials under the stop-signal paradigm

Tuvinians, Yakut groups), “5S-HTTLPR polymorphism” (L/L,
L/S or S/S genotypes).

To process the amplitude of the event-related potentials,
the data obtained for each EEG channel were averaged over
11 groups of electrodes corresponding to the left frontal,
medial frontal, right frontal, left temporal, right temporal,
left central, medial central, right central, left parieto-occipital,
medial parieto-occipital and the right parieto-occipital regions
of the cerebral cortex. After that, multivariate analysis of va-
riance ANOVA was applied with repeated measurements and
Greenhouse—Geisser sphericity correction with the factors
“cortical regions” (11 sections of the cortex), “sex” (men or
women), “ethno-regional group” (Novosibirsk Caucasians,
Tuvinians, Yakut group), “5-HTTLPR polymorphism” (L/L,
L/S or SIS genotypes), “anxiety level” (people with relatively
low or relatively high anxiety, the sample was divided accord-
ing to the median value of anxiety scores).

Results

Prevalence of 5-HTTLPR alleles in regional groups

The prevalence of various alleles of 5-HTTLPR polymor-
phism among subjects from the cities of Novosibirsk, Kyzyl
and Yakutsk is presented in the Table. Among the representa-
tives of the Caucasian sample from Novosibirsk, the frequency
of occurrence of the L allele (56.6 %) exceeded the frequency
of the S allele (43.4 %), while in both Mongoloid samples, on
the contrary, the S allele was found significantly more often
than the L allele. When comparing the three groups, there were
four degrees of freedom, the boundary value of y? for three
degrees of freedom is more than 9.50; between the examined
groups y2= 23.55, the significance of intergroup differences
when comparing the Novosibirsk Caucasoid and two Mon-
goloid samples was p < 0.01 (see the Table).

It was important to note that in the sample of Yakuts and
Evenks, the frequency of occurrence of the S allele (84.8 %)
was higher than in the sample of Tuvans (73.4 %). When com-
paring the Yakut and Tuvan groups, there were two degrees
of freedom, the boundary value of y2 for two degrees of free-
dom was more than 5.99; between the two examined groups
x% = 8.30, the significance of intergroup differences when
comparing two Mongoloid (i.e. Yakut and Tuvan) samples
among themselves was p < 0.03. Thus, the two Mongoloid
samples differed from each other in the prevalence of alleles of
the 5-HTTLPR polymorphism, although not as contrastingly
as they both differed from the Caucasian sample.

Association of effects of group,

gender and 5-HTTLPR polymorphism

with the level of personal anxiety

The level of personal anxiety assessed using the Spielberger
questionnaire significantly differed between participants of
different sex. Anxiety was significantly higher for women
(mean 26.8+0.8) than for men (mean 23.8+0.9), F(;, 294) =
9.05; p = 0.003; 12 = 0.050 (Fig. 1, a). Also, the main effect
of the “group” factor was revealed when comparing the as-
sessments of anxiety for representatives of the subjects from
different regions, F( o949 = 3.91; p = 0.021; n? = 0.053 (see
Fig. 1, b). The minimum anxiety was found in the Tuvin group
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Frequency of occurrence of L and S alleles of 5-HTTPLR polymorphism in the regional groups of the subjects

Experiment region Number of people with genotype

L/L L/s
Nov05|b|r5k41 ........................... 5 5 ........................
. Th e Re pu b “C Of Tuva ....................... 6 ............................. 3 8 ........................
The RepUbhc Ofsakha(Yaku“a) 4 ............................ 16 ........................
For a” reglons .................................... 5 1 ........................... 109 ......................

Total number Probability of occurrence

of subjects of allele in the group, %
5/5 ........................ L5 ..........................
25 .......................... 121 ............................ 5 66434 ....................
50 .......................... 9 4 ............................. 2 66 ....................... 7 34 ....................
59 .......................... 7 9 ............................. 152843 .....................
134 ........................ 2 94 ........................... 3 58541 .....................

Note. For comparison of the Caucasian and two Mongoloid (Yakut and Tuvan) groups y2 = 23.55, p < 0.01.

a F1,294)=9.05,p=0.003 b F(2,204)=3.91,p=0.021 ¢ F(2,204) =493, p = 0.008
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Fig. 1. Relationship between the level of personal anxiety and gender (a), ethnic and regional affiliation of the participants (b),

and 5-HTTLPR polymorphism (c).

(mean 23.2+1.2), and the maximum in the Yakut group (mean
27.1£1.2), while in the Caucasian group, the average level of
anxiety was intermediate between the two Mongoloid groups
(25.6+0.8).

The main effect of 5-HTTLPR polymorphism on the level
of personal anxiety was statistically significant, F, 594 =4.93;
p = 0.008; 12 = 0.032 (see Fig. 1, c). The level of anxiety
for carriers of genotypes L/L (mean 23.9 + 1.6) and L/S
(23.6£0.9) was significantly lower than for people with
the genotype S/S (26.7£0.7). Post-hoc comparisons did not
reveal significant differences in the level of anxiety between
people with the L/L and L/S genotypes (p > 0.5), but revealed
a significant difference between people with the S/S genotype
and carriers of two other genotypes (p < 0.03).

The factors of gender, group and 5-HTTLPR polymor-
phism on the level of anxiety did not significantly interact with
each other. Calculation of the effect of each of these factors
under the control of other factors did not lead to the disappear-
ance of the significance of the effects, although the signifi-
cance of the 5-HTTLPR factor in this case slightly decreased
(p = 0.008 excluding group and sex vs p = 0.035 under the
control of group and sex). Thus, the influence of these three
factors on the level of anxiety can be considered as indepen-
dent of each other.

Association of the effects of group, gender,

personality anxiety, and 5-HTTLPR polymorphism

with behavioral indicators in the stop-signal paradigm

For indicators assessing a person’s ability to suppress move-
ments after stop-signal onset, no significant effects of gender,
group or genotype, as well as their interactions, were identi-
fied.

BUONHOOPMATUKA N CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY

A significant effect of the group was revealed for the
reaction time in the “Go” condition, F 5 »76)= 3.66; p = 0.052;
n? = 0.013. Tuvans (mean time 561+3 ms) and Yakuts
(562 +4 ms) showed faster reaction time in comparison with
Caucasians (569 + 3 ms). Post-hoc comparisons did not reveal
significant differences in reaction time between the Tuvan
and Yakut groups (p > 0.7), but revealed differences between
Caucasians from both other groups (p < 0.05). Also, for the
response time, a significant effect of gender was revealed,
F1,276)=3.72; p=0.055; 12 = 0.013. The average reaction time
was lower for men (561 +3 ms) than for women (568 + 3 ms).
The effect of S-HTTLPR polymorphism or its interaction
with other effects for the response time was statistically not
significant.

For the indicator of the quality of performance of tasks
in the condition “Go”, a significant main effect of the factor
“gender” was revealed, F; 576)= 3.81; p = 0.052; 12=0.014
(Fig. 2, a). Men performed this task with better average quality
(86.3+0.8 %) than women (84.2+0.8 %). Also, for the quality
indicator, the main effect of the “group” factor was significant,
F(2, 276)= 4.55; p = 0.011; n? = 0.032 (see Fig. 2, b). Tuvans
(84.3£0.9 %) and Caucasians (84.0 0.9 %) showed the same
average quality of task performance, while the average quality
of task performance in the Yakut group (87.7+1.0 %) was
significantly higher than in both other groups. The main effect
of 5-HTTLPR polymorphism, calculated without control for
other factors, was statistically marginal (p = 0.090). However,
when calculating the effect of polymorphism under the
control of the level of personal anxiety, it became significant,
F(2, 276) = 3.03; p = 0.050; n2 = 0.019 (see Fig. 2, c). People
with the S/S genotype showed the best average quality of
solving motor tasks (86.7 0.8 %), in comparison with carriers
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Connection of 5-HTTLPR polymorphism with event-related
potentials under the stop-signal paradigm

a b c
F(1,276)=3-81,p=0.052 F(2,276)=4.55,p=0.011 F(2, 276)= 3.03, p=0.050
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Fig. 2. The relationship between the quality of problem solving in the “Go” condition of the stop-signal paradigm with gender (a),
ethnic and regional affiliation of participants (b), and 5-HTTLPR polymorphism (c).

of genotypes L/S (84.5+0.8 %) and L/L (83.5+0.9 %). The
effect of the level of anxiety on indicators of speed or quality
of solving motor tasks was not revealed. The factors of gender,
group and polymorphism of the serotonin transporter did not
significantly interact with each other.

In general, based on the results of the analysis of the effects
of factors of gender, regional-ethnic group and 5-HTTLPR
polymorphism on psychological and behavioral indicators, it
can be concluded that all three selected factors affect both the
level of anxiety and the indicators of motor control. However,
their effects did not significantly affect each other. It can also
be noted that, although S-HTTLPR simultaneously affected
both the level of anxiety and the quality of motor control, none
of the indicators of motor control were directly dependent on
the level of personal anxiety.

Association of the effects of group, gender,

personality anxiety and 5-HTTLPR polymorphism

with the amplitude of the premotor event-related
potentials in the stop-signal paradigm

The amplitude-time graph of the event-related potentials in
the left motor area and the topographic amplitude distribution
of the premotor potential are shown in Fig. 3. Initially, the
influence of various factors on the amplitude of the premotor
event-related potentials was simultaneously assessed for all
11 cortical regions. With this method of assessment, only sig-
nificant effects of the region were revealed, F (19 2920y = 300.05;
p <0.0001, and group F (5, 204y = 4.30; p = 0.014. The premotor
potential had a negative amplitude in the frontal and temporal
regions of the cortex and a positive amplitude in the central and
parieto-occipital regions. The amplitude in the left (r =-0.18;
p = 0.003) and right (r = -0.15; p = 0.011) frontal lobes
negatively correlated with the quality of task solution under
“Go” conditions, and in the medial central (r = 0.17; p = 0.005)
and the medial parieto-occipital (r = 0.14; p = 0.024) areas,
these correlations were positive. If we take into account that
the selected peak had a negative polarity for the frontal areas
and positive for the central and parieto-occipital areas, we can
conclude that its large amplitude in magnitude corresponded
to the best quality of tasks in all areas of the cortex.
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Interactions of factors “region” to “group”, F(o, 2940) =
= 21.28; p < 0.0001; n2 = 0.195, “region” to “5-HTTLPR
polymorphism”, Fp, 2040y = 5.81; p < 0.0001; n? = 0.046,
“region” to “level of anxiety”, F (10, 2050) = 2.38; p = 0.008;
n?=0.049, and “region” to “sex”, F(10, 5920)= 3.99; p = 0.011;
M2 =10.061 were statistically highly significant. The effects of
all factors appeared only in the frontal and occipital-parietal
regions of the cortex and did not affect other regions. In
addition, since the directivity of the peak amplitude in the
anterior (negative) and posterior (positive) regions was dif-
ferent, the statistical analysis was performed separately for
the frontal and occipital-parietal regions.

In the frontal parts of the cortex, a significant main effect
of the group was revealed, Fp 294 = 8.91; p < 0.0001;
n2 = 0.023. The negative peak amplitude was the maximum
modulus in the Yakut group (-2.0+0.2 pkV), less in the
maximum modulus in the Tuvan group (-1.7+0.1 pkV) and
the lowest in the maximum modulus in the Caucasian group
(-1.2+0.1 pkV). Post-hoc comparisons revealed pairwise
significant differences in the frontal negative amplitude of the
premotor peak between all three groups (p <0.01). The effect
of the gender factor for this indicator was also significant,
F(1, 202 = 8.30; p = 0.004; 2 = 0.030. The negative amplitude
was higher in absolute value for women (-1.8+0.1 pkV)
than for men (-1.3£0.1 pkV). The main effect of 5-HTTLPR
polymorphism was significant, Fp 294 = 3.90; p = 0.021;
n? = 0.026. The amplitude of the negative peak was greater
in modulus for carriers of the S/S genotype (-1.8+0.1 pkV)
than for people with the L/S (-1.4£0.1 pkV) and L/L
(-=1.3+0.2 pkV) genotypes. No significant interactions were
found for all selected factors. The effect of personality anxiety
and its interaction with other effects in the frontal cortex was
also not significant.

In the parieto-occipital parts of the cortex, significant effects
of sex were revealed, F; 592 = 5.00; p = 0.026; n? = 0.033,
group, Fp, 04y=40.71; p<0.0001; 1= 0.218, and 5-HTTLPR
polymorphism, F, 594y = 10.29; p <0.0001; w2 = 0.065 (Fig. 4).
The positive amplitude in the posterior parts of the cortex
was maximum in the Yakut group (3.1+0.2 pkV), less in the
Tuvan group (2.8 +0.2 pkV) and the lowest in the Caucasian
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Fig. 4. Correlation of the amplitude of the premotor peak of the event related potential in the “Go” condition of ERP in the parieto-
occipital cortex with sex (a), ethno-regional affiliation of participants (b), and 5-HTTLPR polymorphism (c).

group (1.6+0.1 pkV). Post-hoc comparisons revealed pairwise
significant differences in the parieto-occipital amplitude of
the premotor peak between all three groups (p < 0.01). The
positive amplitude was higher for women (2.5+0.1 pkV) than
for men (2.1+0.1 pkV). The amplitude of the positive peak
was greater for carriers of the S/S genotype (2.8+0.1 pkV)
than for people with genotypes L/S (1.5+0.1 pkV) and L/L
(1.7£0.2 pkV). As for the frontal cortex, in the parieto-oc-
cipital cortex, no significant interactions were found for all
selected factors.

When calculating the effect of personal anxiety simultane-
ously for three areas of the parieto-occipital cortex, this effect
was insignificant. However, it turned out to be significant
separately for the left (F(; 205 = 3.93; p=0.048; 12 =0.013, the
amplitude for low-anxious people was lower (1.1+0.1 pkV)
than for highly anxious (2.5+0.2 pkV)) and for the right
one (F, 296 = 6.19; p = 0.013; n? = 0.021, the amplitude for
low-anxious people was lower (1.9 0.2 pkV) than for highly
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anxious (2.5+0.2 pkV)) parieto-occipital areas and was not
significant for the medial parieto-occipital cortex (p > 0.5).

Thus, based on the analysis of the amplitude of the premo-
tor event-related potential, the effects of group (the strongest
brain responses in Yakuts, the weakest in Caucasians), gender
(the amplitude of responses was greater in women than in
men), and 5-HTTLPR polymorphism (the highest responses
in carriers of the S/S genotype) and anxiety (stronger in high-
than in low-anxious) were identified. The amplitude of the
premotor potentials correlated with the behavioral indicator
of the quality of task solving. However, the effects for all the
factors we selected on the premotor potential amplitude did
not interact with each other.

Discussion

The frequency of occurrence of Sand L alleles of 5-HTTLPR
polymorphism in Caucasoid and Mongoloid samples revealed
is consistent with well-known patterns obtained by comparing
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different ethnic groups (see Esau et al., 2008; Noskova et al.,
2008; Ivanov et al., 2019). It is well known that the L allele
is more common in Caucasians, while the S allele is more
common in Mongoloids. Our data are broadly consistent with
these results. It can be noted that Caucasians from Novosi-
birsk are more likely to carry the S allele than Caucasians
from Europe, the United States and even from the European
part of Russia. Among Siberian Mongoloids, the frequency
of occurrence of this allele is higher in Yakuts and Evenks in
comparison with Tuvans. This indirectly indicates the relation-
ship of the S allele with increased adaptability to extreme or
sub-extreme climate conditions. Indeed, in the series Western
Europe — Western Siberia — Southeast Siberia and Northeast
Siberia, extreme climatic conditions for human life are esca-
lating. The frequency of the S allele also increases from West
to North-East. Although at present we do not have direct data
indicating a relationship between 5-HTTLPR polymorphism
and mechanisms of adaptation to extreme climates, we can
assume the existence of such an association as a working
hypothesis.

This hypothesis is supported by the relationship of
5-HTTLPR with behavioral indicators of motor control and
the level of anxiety. In the modern psychological literature,
anxiety is usually viewed as a negative marker associated with
an increased risk of a number of diseases, such as depression,
or psychosomatic disorders. However, in conditions accom-
panied by an increased danger to life, anxiety should serve as
an adaptive factor that reduces the risk of human death. It can
be noted that the genetic marker of high anxiety (S allele) is
most common in groups of people living in subpolar or polar
climates. The same allele is a marker associated with higher
rates of motor control in an experimental model assessing the
ability to self-regulate behavior under time pressure. The facts
above allowed to formulate the assumption that the S allele,
which is “bad” from the point of view of the urban environ-
ment, may turn out to be a marker of increased ability to adapt
in conditions associated with high danger to life.

As mentioned above, the S allele is associated with a re-
duced efficiency of the transport function of this protein. Bio-
chemical studies showed that animals with the S/S genotype
were characterized by a reduced level of serotonin in the sy-
naptic cleft and a reduced level of functional activity of sero-
tonergic neurons (Lesch et al., 1996). It is also known that the
serotonergic system in the regulation of behavior is responsible
for the performance of inhibitory control (Munafo et al., 2009).
According to literature data obtained in psychiatric patients,
it is known that the S/S genotype should be associated with
the lower ability to delay irrelevant behavioral responses
(Malloy-Diniz et al., 2011). However, our data under the
“Stop” condition in the SSP did not reveal differences between
carriers of different 5S-HTTLPR alleles in either behavioral or
ERP parameters. It can be assumed that in healthy people with
the S/S genotype, a decrease in the activity of 5-OHT neurons
is associated not with a deterioration in inhibitory control, but
with an improvement in the parameters of activation control
due to a lower suppression of motor neurons. In this case,
a decrease in the concentration of serotonin in the brain due
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to a decrease in the transport function of the carrier protein
under some external conditions can be considered as a marker
of an increased tendency to impulsive-anxious behavior, and
under other living conditions — as a mechanism of adaptation
to high danger.

It can also be noted that, in addition to the allelic polymor-
phism chosen, the behavioral indicators of motor control and
the level of anxiety are influenced by several other factors
independent of each other. Women are, on average, more anxi-
ous than men. Caucasians are more anxious than Tuvans, but
less anxious in comparison with Yakuts and Evenks. Men are
better at motor control tasks than women. Mongoloids perform
these tasks on average faster and better than Caucasians. At the
same time, no statistical interaction of the factors we selected
was found. The occurrence of the S allele associated with high
anxiety was higher in both Mongoloid groups in comparison
with the Caucasoids, but at the same time, Tuvinians are
less anxious, and Yakuts and Evenks are more anxious than
Caucasians. Thus, both the level of anxiety and the ability to
control movements are determined not by one, but by a wide
range of factors which interact unclearly.

The attempt made in the framework of this study to find
a mechanism for integrating the effects of genetic and envi-
ronmental factors using the analysis of cerebral event-related
potentials has not yet given a completely satisfactory result.
We have confirmed the previously established fact that the
frontal and parieto-occipital amplitude of the premotor readi-
ness potential correlates with the success of solving motor
tasks. We have also shown that the amplitude of this potential
depends on the 5-HTTLPR allelic polymorphism. People with
the S/S genotype show both increased abilities for movement
control of behavior and an increased amplitude of premotor
cerebral responses to EEG in the frontal and parieto-occipital
regions of the cortex. This allows us to conclude that the re-
lationship between 5-HTTLPR polymorphism and the ability
for behavioral control is mediated by the electrophysiological
activity of the corresponding parts of the cortex. It can also
be noted that the effect of anxiety was detected only for the
left and right, but not the medial part of the parieto-occipital
cortex, while the 5-HTTLPR effect was reliably revealed
for six selected parts of the cortex, including the medial
parieto-occipital and all frontal regions. On this basis, it can
be argued that although both the anxiety effect and the al-
lelic polymorphism of the serotonin transporter are equally
manifested in the amplitude of the premotor potential, they
have different topography in the cortical areas — the anxiety
effect affects a significantly narrower area of the cortex than
the allelic polymorphism effect. As for the effects of gender
and ethnic-regional affiliation of subjects on the amplitude of
brain responses, we have so far failed to separate them from the
effect of allelic polymorphism, or to describe the mechanism
of their interaction. All three factors affect the amplitude of
the premotor potential in the same areas of the cortex and at
the same time intervals of the brain reaction. Therefore, at
the present stage of the study, we can only conclude that the
statistical model we have chosen for the pairwise assessment
of the effects of various factors on the neurophysiological
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processes that underlie the voluntary control of movements in
the stop-signal paradigm did not allow us to achieve the study
aim and identify the brain mechanism of their interaction.

Conclusion

Allelic polymorphism 5-HTTLPR is associated simultane-
ously with an increased level of personal anxiety and with
a better ability to control movements in experimental condi-
tions associated with the need to make decisions with a lack of
time. It can be hypothesized that the S allele of the serotonin
transporter is associated with better adaptability to living
conditions under conditions of increased danger, which is
indirectly confirmed by the frequency of occurrence of this
allele in various ethno-regional groups. Analysis of neuro-
physiological processes recorded by EEG assessment recorded
under the stop-signal paradigm showed that both the level of
anxiety and 5S-HTTLPR polymorphism affect the amplitude
of the premotor readiness, but the topography of the effects of
anxiety and polymorphism is significantly different.
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